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ABSTRACT 
Excessive ambient temperature (heat) and Newcastle disease virus are considered 
the largest abiotic and biotic limitation, respectively, to poultry production in low-income 
countries.  Breeding chickens that are stronger in these challenging environments will 
reduce mortality and increase the amount of quality protein available for human 
consumption. From several previous reports, it is clear that response to NDV and heat in 
chickens is at least partially controlled by the genetic makeup of the bird.  After a trait is 
determined to be influenced by genetics, the next logical step is to search for potential 
genes or genomic regions that affect the trait.  If specific areas of the genome can be 
associated with a trait, this genomic information can be used to further enhance the trait 
through selective breeding. 
This dissertation characterizes responses of commercial egg-laying lines of 
chickens to Newcastle disease virus and/or high ambient temperature.  For both stressors, 
heritabilities of various aspects of response were estimated to determine existence of 
genetic control.  Genome wide association studies (GWAS) were conducted to elucidate 
genes and genomic regions associated with various aspects of response to Newcastle 
disease virus and/or high ambient temperature.  The objectives of these studies were to 
identify potential biomarkers for prediction of stress response, identify genes or genomic 
regions associated with response as candidates for use in selective breeding, and to 
broaden the understanding of the chicken’s response to abiotic and biotic stressors, both 
phenotypically and genetically. 
Chapter 2 identified six suggestive QTL associated with response to NDV and/or 
growth, including novel and known QTL confirming previously reported associations 
xi 
with related traits. Based on a negative genetic correlation between antibody and 
Newcastle Disease tolerance (growth under disease) (-0.72 – -0.42) and estimates of 
moderate to high heritability, we provide evidence that these NDV response traits can be 
influenced through selective breeding.  In chapter 3, seventeen significant effects, among 
seven genes (TLR7, MX, IFI27L2, SLC5A1, HSP70, IFRD1, IL1R1) and seven 
phenotypes (growth rate post-NDV, viral load 6 dpi, antibody 10 dpi, BE, HCO3, TCO2, 
pH), were detected for gene haplotype effects on NDV and heat stress response.  These 
gene effects provide more knowledge of the genomic control of NDV and heat stress 
response and provide potential SNP (single nucleotide polymorphism) targets for marker-
assisted selection.   
In chapters 4 and 5, egg production traits, feed intake, body weight, digestibility, 
egg quality, and the level of thirteen blood components of commercial white egg-laying 
hens before and during a 4 week heat exposure were quantified.  Heritabilities were 
estimated and SNP associations were tested for these phenotypes using 600k genotype 
data.  All phenotypes exhibited a significant change after heat exposure.  Several 
phenotypes, at various times, had heritability estimates greater than zero.  The existence 
of measureable heritability indicates the existence of genetic control and, therefore, the 
potential for changing these traits through selective breeding.  QTL were identified for 
some of the phenotypes with measureable heritability. QTL were identified for nine of 
the blood chemistry traits at one or more time point.  These nine traits, however, did not 
have significant heritability estimates suggesting that while QTL have been identified 
their effects are generally small. 
xii 
This dissertation contributes to the knowledge of genomic control of response to 
NDV and heat stress in laying hens.  These findings, coupled with findings from 
companion studies, inform the genetic improvement of chickens to perform favorably in 
the face of combined disease and environmental challenges. 
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CHAPTER 1.    GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation contains 6 chapters.  Chapter 1 is a review of the literature 
concerning the dissertation topic.  Chapter 2, titled ‘Genetic analysis of a commercial egg 
laying line challenged with Newcastle disease virus’, has been published in Frontiers in 
Genetics – Livestock Genomics, research topic ‘Animal Genetics and Diseases: Advances in 
Farming and Livestock Systems’.  Chapter 3, titled ‘Association of candidate genes with 
response to heat and Newcastle disease virus’, has been published in Genes, research topic 
‘Genomics of Avian Viral Infections’.  Chapter 4, titled ‘Genetic analysis using 600k SNP 
array data of production, physiologic, and egg quality traits in heat-challenged commercial 
white egg-laying hens’, has been submitted to Genetics Selection Evolution.  Chapter 5, titled 
‘Blood gas and chemistry components are impacted by acute and chronic heat exposure and 
are moderately heritable in commercial white egg-laying hens’, is in preparation to be 
submitted to Poultry Science.  Chapter 6 is a general summary and overall discussion of all 
research chapters. 
The research chapters in this dissertation are all part of larger collaborative programs.  
Chapters 2 and 3 were part of a USAID funded program, coordinated by Dr. Huaijun Zhou, 
“Improving Food Security in Africa by Enhancing Resistance to Disease and Heat in 
Chickens”.  The overall objective of the program is to genetically enhance disease resistance 
to NDV infection and heat stress, while improving production performance.  Chapters 4 and 
5 were part of a USDA funded program, coordinated by Dr. Carl Schmidt, “Adapting 
Chicken Production to Climate Change through Breeding”.  The overall objective of this 
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program is to better adapt the chicken to production in our changing global climate and to 
mitigate the environmental footprint of the chicken industry. 
Poultry Production 
Chickens are believed to have been domesticated from the Red Jungle Fowl as early 
as 5400 B.C. (Al-Nasser et al., 2007).  Since that time, chickens have played many roles in 
human life.  They have held religious significance, served as forms of entertainment, and in 
modern times provide economical sources of protein.  Chickens are capable of producing 
protein (meat and eggs) very efficiently due to selective breeding programs that began in the 
1950s. At that time chickens were primarily dual-purpose birds, producing eggs for some 
time and then being sacrificed for meat.  Breeders realized that chickens could produce 
protein more efficiently if they were selected for either meat production or egg production. 
This realization shaped the poultry industry as we know it today.  In the 1950s the popularity 
of dual-purpose birds faded as poultry breeders began selecting populations for either high 
meat production or high egg production.  These selection practices ultimately created the two 
types of commercial chickens we know today, the layer and the broiler.  Modern laying hens 
can produce more than 300 eggs per year (Hy-Line International, 2016), while a modern 
broiler chicken produces about 4.5 pounds of meat in 6 weeks (Aviagen, 2014).  Chickens 
produce protein more efficiently (Figure 1-1) and more environmentally sustainably than any 
other terrestrial livestock species (Figure 1-2). 
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Figure 1-1: Comparison of feed conversion ratios of fish, broilers, pigs, and cattle. Source: 
Global Aquaculture Alliance 
Figure 1-2: Carbon footprint of various protein sources. Source: Nature Climate Change: 
Ruminants, climate change and climate policy; January 2014 
As the world’s population continues to grow and shift demographically, the demand 
for quality protein will continue grow.  The FAO has predicted that poultry will see the 
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largest increase in demand of all livestock species (Figure 1-3).  Therefore, poultry breeders 
and growers must work together to produce more quality protein with little to no increase in 
resources such as land and water.  Part of the predicted demand gap can be addressed through 
management and technology improvements throughout the production pipeline.  Ultimately, 
however, the chickens must simply be ‘better’.  Breeders must find ways to improve the 
chickens going into the production pipeline.  Chickens need to be more robust in the face of 
biotic and abiotic challenges and continue to efficiently produce larger amounts of quality 
protein. 
Figure 1-3: Projected increase of global meat production by species, average of 2014-16 
production compared to 2026 projection. Infographic source: WATT Global Media 2017; 
Data source: OECD-FAO Agricultural Outlook 2017-26 
Chickens in the Developing World 
In the developing world, poultry production is much different than the efficient large-
scale agriculture system described above.  The majority of poultry is raised in an outdoor, 
free-range, scavenging environment.  Often, dual-purpose birds are used in these 
environments and there is very little human involvement.  These birds are much more 
vulnerable to the negative effects of abiotic (harsh environment) and biotic (disease, 
predation) challenges.  Heat stress and Newcastle disease virus are considered the largest 
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abiotic and biotic limitations, respectively, to poultry production in low-income countries 
(Alexander et al., 2012; Wong et al., 2017; Nyoni et al., 2018).  Breeding chickens that are 
stronger in these challenging environments will ultimately reduce mortality rates and 
increase the amount of quality protein available for human consumption. 
Newcastle Disease Virus 
Newcastle disease, caused by Newcastle disease virus (NDV), was first reported in 
1926 (Doyle, 1927).  The more virulent strains of NDV are capable of causing nearly 100% 
mortality, with mean time to death of about 50 hours (Nagai et al., 1976; Alexander et al., 
2012).  The less virulent strains cause losses in productivity through reduced growth rate and 
reduced egg production (Swayne and King, 2003). 
In the developed world, NDV is controlled effectively through stringent vaccination 
and biosecurity protocols (Mayers et al., 2017).  The scale of the industry and infrastructure 
allow vaccination and biosecurity practices to be feasible and effective.  However, backyard 
poultry flocks, which typically do not receive proper vaccination, still pose a threat to the 
commercial poultry industry.  This threat has been exposed several times, most recently 
during an outbreak of virulent NDV in California, USA (USDA-APHIS, 2018). 
In low-income countries, however, vaccination strategies are currently not a 
sustainable defense against disease threats.  The monetary costs of vaccination and boosting 
limit the feasibility for many small-scale poultry farmers.  Furthermore, several logistic 
constraints exist, including vaccine production and distribution as well as administration of 
vaccines in a free-range system.  Dana et al. (2010) conducted a survey and reported that 
vaccination is available to only 5% of village chickens in Ethiopia.  Employing breeding 
strategies, much like those that started the modern poultry industry in the 1950s, to 
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selectively breed chickens that are more resistant to NDV, has the potential to provide a 
sustainable solution. 
Heat Stress in Chickens 
High ambient temperatures cause heat stress in poultry.  Heat stress is detrimental to 
the welfare and health of the bird, in addition to negatively impacting protein availability for 
human consumption (Silanikove, 2000).  Numerous studies have reported decreased body 
weight after varying periods and intensities of heat exposure (Dale and Fuller, 1980; Han and 
Baker, 1993; Geraert and Padilha, 1996; Berrong and Washburn, 1998; Cooper and 
Washburn, 1998; Deeb and Cahaner, 2002; Niu et al., 2009; Imik et al., 2012; Sohail et al., 
2012).  In broilers, meat quality is negatively impacted by heat stress (Sandercock et al., 
2001; Feng et al., 2008; Imik et al., 2012).  In layers, there are numerous reports of decreased 
egg production (Daniel and Balnave, 1981; Tanor et al., 1984; Farnell et al., 2001; 
Rozenboim et al., 2007; Deng et al., 2012) and egg quality (Balnave and Muheereza, 1980; 
Deaton et al., 1982; Emery et al., 1984; Muiruri and Harrison, 1991; Peguri and Coon, 1991; 
Bollengier-Lee et al., 1999; Kirunda et al., 2001; Al-Saffar and Rose, 2002; Sahin et al., 
2002; Mashaly et al., 2004; Lin et al., 2004; Ciftçi et al., 2005; Franco-Jimenez et al., 2007; 
Ajakaiye et al., 2010) due to heat stress.  Reproductive function is also negatively impacted 
by heat exposure (Novero et al., 1991; McDaniel et al., 1995).  Multiple studies have 
demonstrated alterations in blood composition (acid-base balance, pH, calcium, glucose, 
potassium, hemoglobin, hematocrit, pO2, pCO2, HCO3) after varying heat exposures (Teeter 
et al., 1985; Deyhim and Teeter, 1991; Bogin et al., 1996; Mahmoud et al., 1996; Sandercock 
et al., 2001; Borges et al., 2004; Van Goor et al., 2016; Wang et al., 2018). 
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Effect of Heat Stress on Immune Response 
Various stressors, including high ambient temperature, can have an 
immunosuppressive effect in poultry.  Many studies have demonstrated an impact of heat 
stress on general immune function and response to specific pathogens.  Mashaly et al. (2004) 
and Deng et al. (2012) reported decreased numbers of innate immune cells in laying hens 
after heat exposure, while Quinteiro-Filho et al. (2010) reported decreased activity of innate 
immune cells. Taxton et al. (1968), Donker et al. (1990), Bartlett and Smith (2003), Mashaly 
et al. (2004), Sohail et al. (2010), Psifid et al. (2014), and Tang and Chen (2016) measured 
decreases in the number of adaptive cells, including various antibodies, after heat exposure.  
Immune organs have been shown to decrease in relative weight after heat exposure (Bartlett 
and Smith, 2003; Niu et al., 2009; Quinteiro-Filho et al., 2010). 
In conclusions, many studies have shown the detrimental effects of heat exposure on 
immune activity and response in chickens.  The negative impacts of lowered immune-
competency will be seen through increased morbidity and mortality, and decreased vaccine 
efficacy. 
Breeding for Robustness 
Historically, poultry breeders have been successful at enhancing many traits of 
chickens through selective breeding (Crawford, 1990).  In order for a trait to be changed 
through selective breeding, it must have a component of genetic control.  If a trait is 
determined solely by the environment, the trait cannot be changed by any breeding 
technique. 
Many researchers have demonstrated that response to NDV has a component of 
genetic control.  Many authors have reported differences in response to NDV between lines 
and breeds (Albiston and Gorrie, 1942; Cole and Hutt, 1961; Peleg et al., 1976; Tsai et al., 
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1992; King, 1996; Yunis et al., 2002; Hassan et al., 2004; Lwelamira and Katule, 2004; 
Lwelamira et al., 2009; Deist et al., 2017; Zhang et al., 2018).  Gordon et al. (1970), 
Pitcovski et al. (1987), and Yunis et al. (2002) successfully performed selection experiments 
that resulted in altered response to NDV. 
Several reports have also demonstrated genetic control for response to high ambient 
temperature in chickens.  Several scientists reported differences in heat stress response 
between lines and breeds (Clark and Amin, 1965; Washburn et al., 1980; Zulkifli et al., 1999; 
Franco-Jimenez et al., 2007; Star et al., 2008; Soleimani et al., 2011; Felver-Gant et al., 
2012; Mack et al., 2013; Melesse et al., 2013).  Wilson et al. (1975) was successful in 
implementing divergent selection for heat stress tolerance in laying hens. 
From all these previous reports, it is clear that response to NDV and heat stress in 
chickens is at least partially controlled by the genetic makeup of the bird.  After a trait is 
determined to be influenced by genetic makeup, the next logical step is to search for potential 
genes or genomic regions that affect the trait.  If specific areas of the genome can be 
associated with a trait, this genomic information can be used to further enhance the trait 
through selective breeding.  Performing a genome wide association study (GWAS) is a 
popular method to find regions of the genome associated with a particular trait of interest.  
The goal of a GWAS is to statistically associate genetic differences among individuals to 
variation in a trait.  The variations in trait and genome are among individuals in a population.  
Therefore, the results of GWAS type analyses are typically population dependent. 
There have been few reports associating genomic regions with response to NDV.  
Molee et al. (2016) reported associations between variation in the MHC class II gene with 
antibody titer to NDV in Thai indigenous chickens.  Luo et al. (2013) Found variation in a 
9 
region on chromosome 1 to be associated with antibody response to NDV in a Chinese 
broiler population.  Lwelamira et al. (2008) found associations between LEI0258 
microsatellite alleles and antibody to NDV in Tanzanian chicken ecotypes.  This 
microsatellite is within the MHC region, so it is possible this study was capturing the same 
genomic variation as Molee et al. (2016).  However, it is not surprising to see differences in 
the results of these studies since the study populations are quite distinct from one another 
geographically and presumably genetically. 
Van Goor et al. (2015) identified QTL for body temperature, body weight, 
digestibility, and breast muscle yield in an advanced intercross line of a heat-susceptible and 
a heat-resistant line under cyclic heat exposure.  In the same population, Van Goor et al. 
(2016) identified QTL for 13 blood composition traits (pH, pCO2, pO2, base excess, HCO3, 
TCO2, K, Na, ionized Ca, hematocrit, hemoglobin, sO2, and glucose) in response to heat 
exposure.  In a commercial elite White Leghorn layer line, Wolc et al. (2018) identified nine 
genomic windows that each explained more than 1% of genetic variance for mortality due to 
heat stress. 
Genomic information can also be used in genomic selection.  Genomic selection was 
initially introduced by Meuwissen et al. (2001) and provides a method to estimate the 
breeding merit of individuals using only genotypic information.  A breeding candidate’s 
merit is estimated by linking his/her genotypic information with genotypic and phenotypic 
records of relatives.  Therefore, genomic selection is particularly useful for selecting 
breeding candidates for traits that are difficult, expensive, or time consuming to measure (i.e. 
disease resistance and heat tolerance).  Wolc et al. reported the outcome of genomic selection 
vs. traditional pedigree selection in layer chickens (Wolc et al., 2015) and demonstrated that 
10 
genomic selection resulted in higher genetic gains and lower realized inbreeding than 
conventional pedigree-based selection.  Because response to NDV and heat stress in chickens 
is at least partially controlled by the genetic makeup of the bird, these responses can be 
improved through genomic selection. 
Dissertation Objectives 
This dissertation characterizes responses of commercial egg-laying lines of chickens 
to Newcastle disease virus and/or high ambient temperature.  For both stressors, heritabilities 
of various aspects of response were estimated to determine existence of genetic control.  
GWAS were conducted to elucidate genes and genomic regions associated with various 
aspects of response to Newcastle disease virus and/or high ambient temperature.  The 
specific objectives of these studies were to identify potential biomarkers for prediction of 
stress response, identify genes or genomic regions associated with response as candidates for 
use in selective breeding, and to broaden the understanding of the chicken’s response to 
abiotic and biotic stressors, both phenotypically and genetically. 
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Abstract 
In low income countries, chickens play a vital role in daily life.  They provide a 
critical source of protein through egg production and meat.  Newcastle disease, caused by 
avian paramyxovirus type 1, has been ranked as the most devastating disease for scavenging 
chickens in Africa and Asia.  High mortality among flocks infected with velogenic strains 
leads to a devastating loss of dietary protein and buying power for rural households.  
Improving the genetic resistance of chickens to Newcastle Disease virus (NDV), in addition 
to vaccination, is a practical target for improvement of poultry production in low income 
countries.  Because response to NDV has a component of genetic control, it can be 
influenced through selective breeding.  Adding genomic information to a breeding program 
can increase the amount of genetic progress per generation.  In this study, we challenged a 
commercial egg-laying line with a lentogenic strain of NDV, measured phenotypic 
responses, collected genotypes, and associated genotypes with phenotypes.  Collected 
phenotypes included viral load at 2 and 6 days post infection, antibody levels pre-challenge 
and 10 days post infection, and growth rates pre- and post- challenge.  Six suggestive QTL 
associated with response to NDV and/or growth were identified, including novel and known 
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QTL confirming previously reported associations with related traits.  Additionally, previous 
RNA-seq analysis provided support for several of the genes located in or near the identified 
QTL. Considering the trend of negative genetic correlation between antibody and Newcastle 
Disease tolerance (growth under disease) and estimates of moderate to high heritability, we 
provide evidence that these NDV response traits can be influenced through selective 
breeding.  Producing chickens that perform favorably in challenging environments will 
ultimately increase the supply of quality protein for human consumption. 
Introduction 
In low income countries, chickens play a vital role in daily life.  They provide 
important sources of hiqh quality protein and macro and micronutrients. They are also 
important for livelihood and gender empowerment, as women are often the beneficiaries of 
poultry production, which is often not true with larger livestock (Guèye, 2000). 
Newcastle disease, caused by avian paramyxovirus type 1, has been ranked as the 
most devastating disease for scavenging chickens (village chickens, allowed to roam with no 
to minimal feed provided) in Africa and Asia (Kitalyi, 1998). The more virulent strains of the 
virus can cause 80% mortality (number of deaths in the flock per infection event) in 
scavenging flocks (Kitalyi, 1998).  High mortality among flocks lead to a devastating loss of 
dietary protein and buying power for rural households.  Prevention of this disease through 
vaccination is challenging in rural, scavenging production systems.  Difficulties arise in 
ensuring cold chain during transport of vaccines, inadequate vaccination programs, and high 
costs of administering booster vaccinations (Mayers et al., 2017).  Improving the genetic 
resistance of chickens to Newcastle Disease Virus (NDV) is a practical target for 
improvement of poultry production in low income countries. 
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Selective breeding has a demonstrated history of success in poultry production 
(Havenstein et al., 1994) and can be used to modulate many traits of chickens.  Several 
reports have demonstrated genetic differences in response to NDV (Cole and Hutt, 1961; 
Gordon et al., 1970; Peleg et al., 1976; Pitcovski et al., 1987; Soller et al., 1981).  Because 
response to NDV has a component of genetic control, it can be influenced through selective 
breeding.  Adding genomic information to a breeding program can increase the amount of 
genetic progress per generation (Fulton, 2012).  Recently, there has been a gap in the 
knowledge accumulation and study of Newcastle Disease Virus.  However, the threat of 
NDV continues, as demonstrated by the 2018 outbreaks of virulent NDV in California.  In 
this study, we challenged a commercial egg-laying line with a lentogenic (lowly virulent) 
strain of NDV, measured phenotypic responses, collected genotypes, and associated 
genotypes with phenotypes.  We identified genomic regions associated with response to 
NDV and/or growth.  A selective breeding program can be implemented, e.g. utilizing 
genomic information identified in this study, to produce chickens that perform favorably in 
challenging environments and ultimately increase the supply of quality protein for human 
consumption. 
Materials and Methods 
Animals and Husbandry 
The Iowa State University Institutional Animal Care and Use Committee approved all 
animal procedures and care in this study (log #1-13-7490-G). Pooled semen from 16 sires 
was used to inseminate 145 dams to produce 3 hatches of 200 mixed-sex chicks (N=600) of a 
commercial brown egg laying line (Hy-line Brown, Hy-Line International).  Birds were 
provided ad libitum access to feed and water throughout the study period.  Initially, 23 hours 
of light was provided, which was gradually decreased to 13.5 hours of light by day 29.  
22 
Temperature at chick level on day of placement was 35°C and gradually decreased to 24°C 
by day 29 and held until completion of the experiment. 
Experimental Design 
On day of hatch, chicks were transported to a biosafety level II facility at Iowa State 
University.  For each hatch, chicks were placed into one of three rooms, using pedigree 
information to distribute half-sibs into different rooms. At 21 days of age (0 dpi, days post 
infection), birds were inoculated with 108 of 50% embryonic infectious dose (EID50) of live 
attenuated type B1 LaSota strain Newcastle disease virus in a volume of 200 μL.  Virus 
propagation was detailed previously by Deist et al. (Deist et al., 2017b).  Virus was 
administered via a natural, ocular-nasal route.  Each eye and nares received 50μL.  
Lachrymal fluid samples were collected to quantify viral load at 20, 23 and 27 days of age, 
hereafter designated as pre-challenge, 2 dpi and 6 dpi respectively.  Blood samples were 
collected to measure anti-NDV antibody levels on days 20 and 31, hereafter referred to as 
pre-challenge and 10 dpi respectively.  Body weights were recorded on days 0, 13, 21, 27 and 
31 of age.  The experimental design was performed across three replicates (3 hatches from 
the same dams and sires).  In each replicate, 180 birds were challenged, 540 in total.  The 
objective of this study is to find genotypic associations with quantitative responses to a viral 
challenge.  Thus, pre-challenge measurements with confirmed null viral load serve as an 
internal control group. 
Viral Load 
To quantify viral load, viral RNA was isolated from lachrymal fluid and quantified 
via qPCR at three time points: pre-challenge (n=89), 2 dpi (n=468) and 6 dpi (n=470) (Table 
2-1).  These times were chosen to detect early and maintained viral load (Gallardo, personal 
communication).  Time points also coordinated with related studies (Deist et al., 2017a, 
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2017b, 2018; Zhang et al., 2018).  Production of lachrymal fluid was induced by placing 
sodium chloride granules on each eye.  The resulting fluid accumulation was collected with a 
pipette.  Viral RNA was isolated from the lachrymal fluid using a MagMAX-96 viral RNA 
isolation kit (Life Technologies, Carlsbad, CA).  Isolated RNA was quantified using an LSI 
VetMAX NDV real-time PCR kit (Life Technologies, Carlsbad, CA) targeted to the matrix 
protein (M) gene of NDV.  Viral RNA was isolated once per sample and quantified via qPCR 
in duplicate.  Mean viral RNA copy number was calculated per sample and log transformed.  
To test the difference between time points, least squares means were calculated and Student’s 
t-test were performed in JMP (SAS Institute, Inc., Cary, NC).  In calculating least squares 
means, effects included qPCR plate, day, room nested within replicate, and sex. 
Table 2-1: Descriptive statistics of phenotypes and estimates (SE) of variance components 
(proportions of phenotypic variance) 
Trait N3 Mean4 SD5 Heritability Dam Residual 
Viral Load 2 dpi1, 2 468 5.10 0.60 0.32 (0.1) - 0.68 (0.02) 
Viral Load 6 dpi1, 2 470 3.72 0.91 0.18 (0.1) - 0.82 (0.07) 
Dam Antibody1 139 0.53 0.22 - - - 
Antibody Pre-challenge1, 2 453 -0.84 0.60 0.26 (0.09) 0.51 (0.01) 0.23 (0.00) 
Antibody 10 dpi1, 2 448 -0.06 0.26 0.24 (0.09) - 0.76 (0.01) 
Growth Rate Pre-challenge2 473 10.4 1.20 0.46 (0.11) 0.08 (0.04) 0.47 (0.06) 
Growth Rate Post-challenge2 470 15.4 2.76 0.21 (0.09) - 0.79 (0.3) 
1phenotypes log10 transformed. 2outliers (> 3sd <) removed. 3number of phenotypic records in the 
association analysis. 4arithmetic mean. 5standard deviation 
 
Antibody 
Anti-NDV antibody levels in sera were quantified pre-challenge (n=453) and at 10 
dpi (n=448) using an IDEXX NDV ELISA for chickens (IDEXX Laboratories, Inc., 
Westbrook, ME) (Table 2-1).  This is the time needed (10 dpi) to generate an acquired 
immune response (production of specific antibodies).  This time also coordinated with related 
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studies (Deist et al., 2017a, 2017b, 2018a; Zhang et al., 2018).  Each sample was quantified 
in duplicate and the average sample:positive (S/P) absorbance ratio was calculated per 
manufacturer’s instructions.  To test the difference between time points, a standard least 
squares effect leverage report and Student’s t-test were performed in JMP (SAS Institute, 
Inc., Cary, NC).  Effects included day, room nested within replicate, and sex.  Antibody 
levels were also quantified, just prior to the second hatch, on dams (n=139), which had 
received multiple vaccines against NDV over their lifetime, using the same assay, except 
plasma was used instead of serum. 
Growth Rate 
Body weights were recorded in grams on days 0, 13, 21 (0 dpi), 27 (6 dpi), and 31 (10 
dpi).  Pre-challenge growth rate (n=473) was calculated as grams per day between days 0 and 
21. Post-challenge growth rate (n=470) was calculated as grams per day between days 21 and 
31. 
Genotyping 
Whole blood was collected on Whatman FTA cards (Sigma-Aldrich, St. Louis, MO) 
from all chicks pre-challenge.  Genomic DNA was isolated from FTA card punches, dried, 
and shipped to GeneSeek, Neogen Genomics (Lincoln, NE).  DNA was genotyped for 
600,000 single nucleotide polymorphisms (SNPs) using the Axiom Chicken Genotyping 
Array (Kranis et al., 2013) (Thermo Fisher Scientific, Inc., Waltham, MA).  Axiom Chicken 
Genotyping Array annotation files, release 35, were based on galGal genome version 5.0 
(Thermo Fisher Scientific).  Quality filtering of genotype data included call rate ≥ 95 and 
minor allele frequency ≥ 0.01.  Other filtering metrics (Nclus, FLD, HomRO, HomFLD, 
HetSO, ConversitonType, BB.varX, BB.varY, AB.varX, AB.varY, AA.varX) and 
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requirements are listed in Table 2-2.  These metrics are described in the Axiom Analysis 
Suite User Guide obtained from Thermo Fisher Scientific (Applied Biosystems, 2017). 
Table 2-2: Genotype quality metrics provided by Affymetrix and requirements that were used 
in quality control filtering 
Affymetrix genotype 
metric 
Requirement Brief description of metric1 
Nclus ≠ 1 Number of genotype clusters 
Call Rate ≥ 95 % of samples with a genotype call other than "No Call" 
MinorAlleleFrequency ≥ 0.01 min(PA, PB). 
FLD ≥ 3.5 Measure of the cluster quality of a probeset 
HomRO ≥ -0.988 
Distance to zero in the Contrast dimension (X position) 
from the center of the homozygous cluster that is 
closest to zero 
HomFLD ≥ 10 
Measure of the cluster quality of a probeset for the 
homozygous genotype clusters 
HetSO ≥ -0.21 
Measures how far the heterozygous cluster center sits 
above the homozygous cluster centers in the Size 
dimension (Y) 
ConversionType ≠ OTV Probeset classification 
BB.varX ≤ 0.85 Contrast (X position) variance for BB cluster 
BB.varY ≤ 0.7 Size (Y position) variance for BB cluster 
AB.varX ≤ 0.75 Contrast (X position) variance for AB cluster 
AB.varY ≤ 0.75 Size (Y position) variance for AB cluster 
AA.varX ≤ 0.79 Contrast (X position) variance for AA cluster 
1For detailed description of metrics see Axiom Analysis Suite User Guide (Applied Biosystems, 
2017) 
 
Genetic Parameters 
Variance components and heritabilities were estimated in ASReml 4 (Gilmour et al., 
2015) using the following univariate animal model 
 =  μ + 	 + 

 +  +  
where Y is the dependent variable of phenotype (viral load 2 and 6 dpi, antibody pre-
challenge and 10 dpi, growth rate pre and post-challenge).  Sex (S) and a combined variable 
of room and replicate (RR) were fitted as fixed effects. Random effects included animal 
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genetic effects (A) with a genomic relationship matrix (GRM) computed from SNP 
genotypes following the procedure described by VanRaden (2008), and residuals (e). For 
viral load at 2 and 6 dpi, qPCR plate was also added as a fixed effect, and for antibody pre-
challenge, antibody level of the dam was added as a covariate. The random effect of dam was 
included for pre-challenge measurements of growth rate and antibody. Phenotypic variance 
was obtained by summing estimates of variance due to animal, residual, and dam (where 
applicable). Heritability was calculated as a ratio of the estimates of animal to phenotypic 
variance. 
Association Analysis 
Association analyses were performed using the R package GenABEL (Aulchenko, 
2015), using a hierarchical generalized linear model (Rönnegård et al., 2010) with the same 
fixed effects as described for estimation of genetic parameters. The “polygenic_hglm” 
function was used to fit a polygenic model, with a genomic relationship matrix that was 
created by GenABEL using the ibs() function with the weight = “no” option.  The 
“mmscore” function, which is designed to test for association between a trait and genetic 
polymorphism in samples of related individuals, was used with residuals from 
polygenic_hglm analysis.  The mmscore function uses the formula 
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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where G is the vector of SNP genotypes, E[G] is a vector of mean genotypic values,  V-1 is 
the inverse of variance-covariance matrix, and residualY are residuals from the trait analysis 
with polygenic_hglm. Together polygenic_hglm and mmscore function similarly to the 
FASTA (Family-based score test for association) method implemented by Chen and 
Abecasis (2007). 
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Multiple Test Correction 
Genotypes were divided into chromosomes and then further divided into 
chromosomal segments containing a number of SNPs equal to half the number of animals as 
described by (Waide et al., 2017).  The number of independent tests was determined as the 
sum number of principle components that accounted for 95% of variance between genotypes 
for each segment  (Σn). The number of independent tests was used in a Bonferroni correction 
to determine 20% suggestive genome-wide thresholds as 0.2/Σn. 
Results 
Viral Load 
Pre-challenge samples had no measureable virus copies, as expected (data not 
shown).  Distributions of viral load 2 dpi and 6 dpi are shown in Figure 2-1. Viral load was 
significantly different between 2 dpi and 6 dpi (P<0.0001).  Viral load was greater at 2 than 6 
dpi for all but 38 birds (8%) (Figure 2-2). By 6 dpi, 22 birds fell below our limit of detection 
for measureable viral RNA, indicative of viral clearance. 
Figure 2-1: Distribution of Viral Load at 2 and 6 days post infection (dpi) after log10 
transformation. The bar at 0 for 6 dpi reflects the 22 individuals that had no detectable viral 
RNA at 6 dpi. These individuals were recorded as having 0 viral RNA copies. 
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Figure 2-2: Individual data and box plots for viral load at 2 and 6 days post infection (dpi). 
Red lines indicate birds that decreased viral load from 2 dpi to 6 dpi. Blue lines indicate birds 
that exhibited increased viral load from 2 dpi to 6 dpi. 22 birds did not have detectable virus 
at 6 dpi. 
Antibody 
Distributions of dam, chick pre-challenge, and chick 10 dpi antibody are shown in 
Figure 2-3.  Pre-challenge anti-NDV antibody levels were measureable but significantly 
lower than antibody levels at 10 dpi (P<0.0001) for all but 19 birds (4%) (Figure 2-4).  These 
19 birds were excluded from association analysis for both antibody time points.  Antibody 
levels measured in dams were significantly higher than either pre-challenge or at 10 dpi in 
their chicks. 
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Figure 2-3: Distribution of antibody level after log10 transformation; (A) of dams; (B) of 
offspring pre-challenge and 10 days post infection. 
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Figure 2-4: Individual data and box plots for antibody pre-challenge and 10 days post 
infection (dpi). Red lines and boxplots indicate animals that increase antibody levels in 
response to challenge (pre to 10 dpi). Blue lines and boxplots indicate animals that do not 
increase antibody levels in response to challenge.  Dams included in blue and red boxplots 
produced offspring that decreased and increased antibody levels, respectively. 
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Growth Rate 
Figure 2-5 shows the population average growth rate pre- and post-challenge and 
corresponding body weight box plots. Growth rate post challenge was significantly greater 
(P<0.0001) than growth rate pre-challenge. 
Figure 2-5: Box plots of body weights and regression lines for population average growth 
rate pre- and post-challenge. 
Phenotypic Correlations 
Viral load at 2 and 6 dpi were positively correlated (Table 2-3).  Pre-challenge 
antibody level was negatively correlated with both pre and post-challenge growth rate. Post-
challenge growth rate was negatively correlated with viral load at 2 dpi and antibody level 
pre-challenge, but positively correlated with pre-challenge growth rate.
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Table 2-3: Estimates (SE) of phenotypic (above diagonal) and genetic (below diagonal) 
correlations based on bivariate analyses 
Trait VL 2 dpi VL 6 dpi AB pre AB 10 dpi GR pre GR post 
Viral Load  
2 dpi 
- 
0.18 
(0.06) 
0.04 
(0.05) 
0.01 
(0.05) 
-0.05 
(0.06) 
-0.16 
(0.05) 
Viral Load  
6 dpi 
0.74 
(0.21) 
- 
-0.03 
(0.05) 
-0.06 
(0.05) 
-0.02 
(0.06) 
-0.05 
(0.05) 
Antibody  
Pre-challenge 
0.12 
(0.28) 
-0.25 
(0.34) 
- 
0.06 
(0.05) 
-0.22 
(0.05) 
-0.12 
(0.05) 
Antibody  
10 dpi 
0.13 
(0.31) 
-0.39 
(0.33) 
0.33 
(0.34) 
- 
-0.05 
(0.05) 
-0.07 
(0.05) 
Growth Rate  
Pre-challenge 
-0.11 
(0.22) 
0.23 
(0.32) 
-0.72 
(0.19) 
-0.42 
(0.29) 
- 
0.58 
(0.04) 
Growth Rate 
Post-challenge 
-0.30 
(0.26) 
0.21 
(0.37) 
-0.61 
(0.28) 
-0.45 
(0.33) 
0.72 
(0.14) 
- 
 
Heritabilities 
Heritabilities estimated using AsReml4 were moderate (0.18 to 0.32) for viral load 
(Table 1-1).  Estimates of heritability for pre- and post-challenge antibody levels were 
similar, 0.26 and 0.24 respectively. Estimates of heritability for Pre- and post-challenge 
growth rate were moderate, 0.46 and 0.21 respectively. 
Genetic Correlations 
The estimate of the genetic correlation between viral load at 2 and 6 dpi was high, 
0.74 ± 0.21 (Table 2-3).  Viral load at 6 dpi and antibody at 10 dpi were negatively correlated 
(-0.39 ± 0.33); birds with more antibodies had lower viral load.  Most pathogen challenge-
related traits, with the exception of viral load 6 dpi, were negatively correlated with growth 
rate pre- and post-challenge (-0.30 to -0.72).  The two measures of growth rate had a high 
positive genetic correlation of 0.72. Standard errors for genetic correlation estimates were 
moderate, leading some estimates to not differ from 0. 
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Alternative Phenotypes 
Several alternative phenotypes generated by combination and/or manipulation of 
individual phenotypes collected in this study were explored: viral load and antibody change 
over time (difference between time points), viral load clearance (difference between time 
points divided by 2 dpi level), regression of viral load and antibody measurements over time.  
However, none were more heritable than the individual phenotypes and most did not have 
heritability different from 0.  Thus, they were not included further in this study. 
Association Analysis 
After quality control, 476 animals and 340,527 SNPs remained for association 
analysis.  Principle component analysis determined that 44,364 components accounted for 
95% of variance between SNPs. Using 44,364 as the number of independent tests and 
applying Bonferroni correction, the 20% genome-wide significance threshold was 4.508 × 
10-6 and used to declare suggestive associations. 
Manhattan plots for viral load at 2 and 6 dpi are in Figures 2-6 and 2-7, respectively.  
One SNP on chromosome 4 was associated with viral load at 6 dpi, while none were 
associated with viral load 2 dpi (Table 2-4).  Association analysis results are reported for 
antibody pre-challenge and 10 dpi, excluding the 19 birds that did not increase antibody in 
response to NDV challenge.  Manhattan plots for antibody level pre-challenge and at 10 dpi 
are in Figures 2-8 and 2-9, respectively. Three SNPs were associated with antibody level pre-
challenge, while one SNP was associated with antibody level at 10 dpi (Table 2-4).  Two 
SNPs were associated with growth rate pre-challenge, while none were associated with 
growth rate post-challenge (Figure 2-10, Figure 2-11, Table 2-4). 
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Figure 2-6: Manhattan plot for viral load at 2 days post infection; 0 SNPs reached the 20% 
genome-wide threshold indicated by the blue line 
 
Figure 2-7: Manhattan plot for viral load at 6 days post infection; 1 SNP reached the 20% 
genome-wide threshold indicated by the blue line 
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Table 2-4: SNPs associated with traits, positional candidate genes, and previously reported QTL 
Trait SNP Position1 P-value 
Positional Candidate Genes and 
Location2 
Previous relevant QTL 
associations 
Antibody   
Pre-Challenge 
AX-76468260 3:38180614 1.31E-06 
B3GALNT2, intron 
Antibody titer to LPS antigen5 GPR137B, upstream 213694 
NTPCR, downstream 954041 
AX-756089384 10:4095431 2.57E-06 LACTB, intron 
Antibody titer to LTA antigen5 
AX-75605132 10:2826316 3.21E-06 
LINGO1, downstream 58378 
HMG20A, downstream 66323 
Antibody 
10 dpi 
AX-76244799 21:3996542 4.00E-06 
TARDBP, upstream 65501 
None related to pathogen response APITD1, downstream 267277 
CASZ1, upstream 51894 
Viral Load     
6 dpi 
AX-76683655 4:53179704 4.07E-06 
FAT4, upstream 191754 
Marek's disease-related traits6 
ANKRD50, upstream 38776 
SPRY1, downstream 534821 
SULT1B1, upstream 1040403 
Growth Rate 
Pre-Challenge 
AX-75623995 10:8913444 3.29E-06 MAPK6, synon3 Carcass weight7 
AX-807733174 2:27242600 4.15E-06 
Novel lincRNA, downstream 384292 
Body weight8,9,10 
Novel lincRNA, downstream 82294 
SCIN, downstream 399726 
ER81, downstream 85619 
1Chromosome:base pair. 2location of positional candidate gene (bp from the SNP). 3SNP is within a coding sequence but does not result in a residue change. 
4SNP is fixed for alternate alleles in Fayoumi and Leghorn inbred lines. 5Siwek et al., 2006 (Siwek et al., 2006). 6Xu et al., 1998 (Xu et al., 1998). 7Nassar et 
al., 2012 (Nassar et al., 2012). 8Siwek et al., 2004 (Siwek et al., 2004). 9Tatsuda and Fujinaka, 2001 (Tatsuda and Fujinaka, 2001). 10Uemoto et al., 2009 
(Uemoto et al., 2009) 
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Figure 2-8: Manhattan plot for antibody level pre-challenge; 3 SNPs reached the 20% 
genome-wide threshold indicated by the blue line 
 
Figure 2-9: Manhattan plot for antibody 10 dpi, 1 SNP reaches the 20% genome-wide 
threshold indicated by the blue line 
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Figure 2-10: Manhattan plot for growth rate pre-challenge; 2 SNPs reached the 20% genome-
wide threshold indicated by the blue line 
 
Figure 2-11: Manhattan plot for growth rate post-challenge, 0 SNPs reach the 20% genome-
wide threshold indicated by the blue line 
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Discussion 
Genetic Parameters 
Heritabilities for all traits were estimated to be moderate to high, ranging from 0.18 
for viral load at 6 dpi to 0.46 for growth rate pre-challenge. Our heritability estimates for 
antibody levels at 10 dpi are in line with those reported by (Lwelamira et al., 2009) in two 
Tanzanian chicken ecotypes measured just prior to and two weeks post vaccination (0.27 and 
0.29).  Peleg et al. (1976) estimated heritability of antibody response to attenuated NDV at 12 
dpi to be 0.31 based on the sire variance components.  To our knowledge, ours is the first 
report of heritability for viral load of NDV and growth rate in layer-type birds.  The moderate 
to high heritabilities estimated in this study indicate that all investigated traits can be 
influenced by selective breeding.  Therefore, the means for these traits can be changed over 
generations. 
Negative genetic correlations between pathogen response traits and growth rates 
indicate that selection for decreased viral load at 2 dpi and for decreased antibody levels is 
expected to increase pre and post-challenge growth rate.  Many studies have found immune 
response traits and production/growth traits under challenge to be negatively genetically 
correlated (Gross et al., 2002; Hess et al., 2016; Lwelamira et al., 2009).  Given this 
information, we can speculate that higher antibody levels, which are often viewed as 
favorable, may be unfavorable when the desired outcome is to increase disease tolerance.  
Tolerance is defined as the ability of a host to limit the negative impact of infection (viral in 
this case) on performance (Bishop, 2012).  Tolerance is a good goal for NDV in low income 
countries, where the virus is relatively ubiquitous and the majority of animals will be infected 
by the virus at some point in their life.  Furthermore, it has been suggested that host tolerance 
places less pressure on the virus to evolve (Råberg et al., 2009).  It must be recognized 
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however, that standard errors for genetic correlation estimates were moderate, leading some 
estimates to not differ from 0.  A larger sample size will be needed to determine the true 
significance of genetic correlations. 
The genetic correlation between pre and post-challenge growth and viral load at 6 dpi 
was positive, which does not fit the previously mentioned negative trend between pathogen 
response traits and growth rates, although SE estimates were large.  The resource allocation 
argument may provide an explanation in this case (Gross et al., 2002; Rauw, 2012).  Birds 
that have higher viral load at 6 dpi also have higher pre and post-challenge growth rates 
because they use more of their available resources to grow as opposed to clearing the virus. 
Viral Load 
The 38 birds (8%) that increased viral load from 2 to 6 dpi represent a different 
kinetic profile of viral clearance than the rest of the population.  Although these 38 birds 
exhibited a different pattern of viral clearance, there was no evidence for lack of infection or 
interference of response to challenge. There is no evidence that these birds were less 
challenged, as all 38 had measureable viral load at 2 dpi, indicating they were infected with 
NDV.  Furthermore, none of the 38 birds were half- or full-sibs to the 19 birds that did not 
produce antibody in response to challenge.  Viral load heritability estimates were not 
increased by excluding these 38 birds. Therefore, these birds were not excluded from any 
analyses. 
No SNPs reached the suggestive threshold for viral load at 2 dpi, while one SNP 
reached that threshold for viral load at 6 dpi.  For this SNP, located on chromosome 4 at 53 
Mb, four genes were located within 1 Mb.  This QTL was previously identified in association 
with Marek’s disease-related traits (Xu et al., 1998).  The closest gene, ANKRD50, was 
previously found to be down regulated in tracheal epithelial cells of an inbred research line of 
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Fayoumi chickens at 2 dpi with NDV compared to non-infected birds (Deist et al., 2017b). 
Chickens from Fayoumi and Leghorn inbred lines were used in a companion study that had 
the same experimental design, used the same virus, and measured the same phenotypes as the 
current study.  Deist analyzed transcriptome responses of trachea, lung, and Harderian gland 
to NDV challenge (Deist et al., 2017a, 2017b, 2018a).  Zhang reported transcriptomic 
changes in the spleen (Zhang et al., 2018).  The Fayoumi and Leghorn lines are highly inbred 
(Fleming et al., 2016) and their responses to various pathogens, including velogenic NDV 
(Cheeseman et al., 2007; Kim et al., 2008; Lakshmanan et al., 1996; Wang et al., 2014, Deist 
et al., 2018b), demonstrate the Fayoumi and Leghorn lines to represent relatively resistant 
and susceptible genetic research models, respectively.  ANKRD50 functions in endosome to 
plasma membrane transport (Kvainickas et al., 2017).  This is the first reported association of 
ANKRD50 with viral infection. 
Antibody 
It was not expected to have detectable pre-challenge antibody at 20 days of age, 
because many reports have demonstrated clearance of maternally transferred antibody by this 
age (Grindstaff et al., 2003; Hamal et al., 2006; Liu and Higgins, 1990; Rose and Orlans, 
1981). However, the dams of challenged chicks were ‘hyperimmunized’, as they had 
received 5 immunizations for NDV prior to production of the chicks used in this study.  
Thus, we believe that the passive maternal antibody still circulating at 20 days of age may 
have interfered with the response to NDV challenge, specifically in the 19 chicks that did not 
increase level of antibody between pre-challenge and 10 dpi.  Maternal antibody interference 
with vaccine response is a known phenomenon (Eidson et al., 1976; Richey and Schmittle, 
1962).  Because these 19 chicks were likely unable to respond to the vaccine appropriately 
because of passive antibody interference, we conducted analyses both with and without these 
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chicks included.  Heritability of pre-challenge antibody increased from 0.20 to 0.26 with 
exclusion of these birds. The same trend of increasing heritability was seen for antibody 10 
dpi, from 0.19 to 0.24.  Three suggestive QTL were found when excluding these 19 birds, 
while only two of the three were found when using the full dataset.  These analyses provide 
evidence that passive antibody interference caused “noise” in the antibody response data; 
therefore these 19 birds were excluded from the association analysis for antibody pre-
challenge and at 10 dpi.  We expect that dams in low income countries would also have 
relatively high amounts of anti-NDV antibodies due to high environmental levels of NDV 
and repeated exposure to the virus. 
Pre-challenge antibody did not differ significantly between the three replicates 
suggesting that maternal antibody transfer level did not differ significantly due to the time 
between the three hatches.  Dam antibodies were measured from plasma, while chick 
antibodies were measured from serum. Previous studies have shown that antibody measured 
in plasma and serum are highly correlated (Cherpes et al., 2003; Siev et al., 2011), suggesting 
the validity of comparing levels of antibody between dams’ plasma and chicks’ serum in the 
current study. 
Three SNPs, in two QTL, were suggestively associated with antibody level pre-
challenge.  The strongest association was on chromosome 3 at 38.2 Mb.  This SNP was 
within the intron of B3GALNT2.  B3GALNT2 was previously found to be more highly 
expressed in the Harderian gland of Fayoumis compared to Leghorns at 2 days post NDV 
inoculation (Deist et al., 2018a).  B3GALNT2 functions in protein glycosylation (Stevens et 
al., 2013).  We present a novel association of B3GALNT2 with viral infection.  One gene, 
GPR137B, was near the SNP, 213,694 bp upstream.  GPR137B is a lysosomal integral 
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membrane protein predicted to function in signal transduction (Gao et al., 2012).  The QTL 
on chromosome 3 for antibody level pre-challenge, was previously associated with antibody 
titer to LPS antigen (Siwek et al., 2006). 
The second QTL for antibody pre-challenge on chromosome 10 contained two SNPs.  
The strongest SNP within the chromosome 10 QTL was within the intron of the LACTB 
gene.  This SNP was fixed for alternate alleles in the Fayoumi and Leghorn lines, evaluated 
by 600k Axiom Chicken Genotyping Array data from 10 birds per line.  LACTB promotes 
intra-mitochondrial membrane organization through polymerization (Polianskyte et al., 
2009).  This is the first identified association of LACTB with antibody production. 
The second SNP within the chromosome 10 QTL was near two genes, LINGO1 and 
HMG20A.  LINGO1 was previously found to be down regulated in the lung of Fayoumi 
chickens at 2 days post infection with NDV, compared to non-infected birds (Deist et al., 
2017a).  LINGO1 was also less expressed in the Harderian gland of Fayoumis compared to 
Leghorns at 2 days after challenge with NDV (Deist et al., 2018a).  When comparing the 
expression in the lung of non-challenged birds, Fayoumi chickens expressed more LINGO1 
than Leghorns (Deist et al., 2017a).  LINGO1 is a transmembrane protein functioning in 
signal transduction (Mi et al., 2004).  HMG20A exhibited more expression in the lung of 
non-challenged Leghorn chickens compared to Fayoumi chickens (Deist et al., 2017a).  In 
tracheal epithelial cells at 2 and 10 days post NDV infection, Leghorns expressed more 
HMG20A than Fayoumis (Deist et al., 2017b).  HMG20A has been shown to bind to viral 
DNA in vitro (Hsiao et al., 2006).  The second antibody pre-challenge QTL on chromosome 
10 was previously associated with antibody titer to LTA antigen (Siwek et al., 2006). 
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Antibody level at 10 dpi was associated with one SNP, located at 3.9 Mb on 
chromosome 21.  Three genes were nearby, TARDBP, APITD1, and CASZ1.  CASZ1 was 
down regulated 2 days post NDV challenge in tracheal epithelial cells of Leghorn chickens 
compared to non-challenged birds (Deist et al., 2017b).  TARDBP functions in negative 
regulation by host of viral transcription (GO biological process) and was previously 
implicated as part of the influenza-host interactome using human and mammalian cell lines 
in vitro (Heaton et al., 2016). 
Growth Rate 
Compared to the management guide for the Hy-Line Brown commercial layers, our 
birds had higher body weights across all weeks partially due to the inclusion of male chicks 
in our experimental population (Hy-Line International, 2016).  However, the growth rate 
trajectories between our birds and the management guide are roughly parallel, suggesting we 
are not seeing a large depression due to challenge. 
Growth rate pre-challenge was associated with two SNPs on chromosomes 10 and 2.  
The SNP on chromosome 10 was within the MAPK6 gene, which functions in 
phosphorylation.  This QTL co-localizes with a previous association for carcass weight 
(Nassar et al., 2012). 
The ER81 gene, near the SNP for pre-challenge growth rate on chromosome 2, 
functions in transcription regulation.  This QTL has been previously been identified to be 
associated with body weight in three independent populations (Siwek et al., 2004; Tatsuda 
and Fujinaka, 2001; Uemoto et al., 2009). 
Support of Expression Studies for Suggestive SNP Associations 
Incorporating previous gene expression data can improve the value of GWAS data, 
especially when significant expression data coincides with suggestive (near-significant) 
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SNPs (Cheng et al., 2013).  The SNP on chromosome 5 with the lowest p-value of 
association with viral load at 2 dpi (Figure 2-6), is within a gene (PAMR1) that was 
previously found to be differentially expressed in tracheal epithelial cells at 2 and 6 days post 
NDV infection (Deist et al., 2017b).  At both time points, Leghorn chickens expressed higher 
levels of PAMR1 compared to Fayoumis. The Leghorn chickens in the referenced study had 
significantly more viral genome transcripts in the trachea at 2 dpi.  Perhaps the difference in 
viral load between the two lines is due in part to expression differences in this gene and 
provide support for the near significant GWAS results. 
We identified a suggestive QTL on chromosome 4 at 53 Mb for viral load at 6 dpi 
(Figure 2-7).  Several SNPs in the location of the QTL fell just below the threshold.  One of 
these SNPs (p-value of association 5.22 x 10-5) is within the ADAMTS3 gene.  In samples 
from the birds utilized in this GWAS study, the ADAMTS3 gene was shown to be 
downregulated in the spleen 6 days after NDV challenge (Zhang et al., 2018).  Integration of 
this information provides further evidence for the existence of the identified QTL for viral 
load at 6 dpi on chromosome 4. 
The OFD1 gene encompasses three SNPs within the near-significant QTL on 
chromosome 1 for growth rate post challenge (Figure 2-11).  OFD1 functions in primary 
cilium organization and assembly (Ferrante et al., 2006).  This gene was shown to exhibit 
lower expression in the Harderian gland of Leghorns compared to Fayoumis, 2 days after 
NDV challenge (Deist et al., 2018a).  Perhaps the differential expression of OFD1 
contributes to the susceptible/resistant phenotypes of the Leghorn/Fayoumi lines.  Overall, 
OFD1 may play a role in NDV tolerance – performance (growth) under challenge. 
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Conclusions 
Six suggestive QTL associated with response to NDV and/or growth were identified. 
Some were novel and others confirmed previously reported associations with related traits. 
Additionally, previous RNA-seq analysis provided support for several of the genes located in 
or near the QTL of the current study. Considering the trend of negative genetic correlation 
between antibody and Newcastle Disease tolerance (growth under disease) and estimates of 
moderate to high heritability, we provide evidence that these NDV response traits can be 
influenced through selective breeding.  This information can inform breeding decisions for 
the production of chickens that will be raised in NDV endemic areas once more knowledge 
of the relationship of antibody and viral load with mortality is obtained.  Producing chickens 
that perform favorably in challenging environments will ultimately increase the supply of 
quality protein for human consumption. 
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Abstract 
Newcastle disease is considered the number one disease constraint to poultry 
production in low and middle-income countries, however poultry that is raised in resource-
poor areas often experience multiple environmental challenges. Heat stress has a negative 
impact on production, and immune response to pathogens can be negatively modulated by 
heat stress. Candidate genes and regions chosen for this study were based on previously 
reported associations with response to immune stimulants, pathogens, or heat, including: 
TLR3, TLR7, MX, MHC-B (major histocompatibility complex, gene complex), IFI27L2, 
SLC5A1, HSPB1, HSPA2, HSPA8, IFRD1, IL18R1, IL1R1, AP2A2, and TOLLIP. Chickens 
of a commercial egg-laying line were infected with a lentogenic strain of NDV (Newcastle 
disease virus); half the birds were maintained at thermoneutral temperature and the other half 
were exposed to high ambient temperature before the NDV challenge and throughout the 
remainder of the study. Phenotypic responses to heat, to NDV, or to heat + NDV were 
measured. Selected SNPs (single nucleotide polymorphisms) within 14 target genes or 
regions were genotyped; and genotype effects on phenotypic responses to NDV or heat + 
NDV were tested in each individual treatment group and the combined groups. Seventeen 
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significant haplotype effects, among seven genes and seven phenotypes, were detected for 
response to NDV or heat or NDV + heat. These findings identify specific genetic variants 
that are associated with response to heat and/or NDV which may be useful in the genetic 
improvement of chickens to perform favorably when faced with pathogens and heat stress. 
Introduction 
Newcastle disease is considered the number one disease constraint to poultry 
production in low and middle-income countries [1]. In these areas, chickens often serve as 
important protein sources and commodities to be sold or traded. Pathogens are not the only 
challenge in small-scale poultry production in these resource-limited settings. Heat stress also 
has a negative impact [2]. Immune response is known to be negatively modulated by heat 
stress [3]. 
Historically, selective breeding for many traits has been very successful in poultry 
[4]. However, breeding for disease resistance and/or heat tolerance can be difficult due to the 
need for specific challenge facilities, the potential terminal nature of these traits, animal 
welfare concerns, biosafety concerns, and cost. The identification of genetic factors 
influencing disease resistance and/or heat tolerance would provide tools for improvement 
through selective breeding. The response to Newcastle disease virus (NDV) is known to be 
partly under genetic control [5–9]. Several scientists have reported differences in heat 
response between lines and breeds [10–12]. In this study, we identify genes and haplotype 
combinations within those genes that affect the response to NDV and/or heat challenge. 
Producing chickens that are genetically predisposed to perform better in the face of disease, 
vaccination, or environmental challenges (which often occur simultaneously in resource-
limited settings) will ultimately lead to improved food and nutritional security and enhanced 
livelihoods in low-income countries with eventual global impacts. 
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Candidate genes and regions that were chosen for this study were based on previous 
reports of associations with disease response and/or a role in the heat stress response [13–24], 
including: TLR3, TLR7, MX, MHC-B (major histocompatibility complex, gene complex), 
IFI27L2, SLC5A1, HSPB1, HSPA2, HSPA8, IFRD1, IL18R1, IL1R1, AP2A2, and TOLLIP. 
Membrane receptors functioning in immune response (MHC, IL18R1, IL1R1, IFRD1) are 
responsible for recognizing foreign molecules. This recognition of antigens is crucial for 
immune function. IFRD1 also has a role in muscle growth and differentiation [25]. 
Components of the innate immune system (AP2A2, TLR3, TLR7, TOLLIP, MX, IFI27L2) 
provide a first line of defense to a pathogen or virus. TLR3, TLR7, and MX have been directly 
implicated in antiviral response [13,21,26]. TOLLIP is part of the toll like receptor signaling 
pathway [27]. AP2A2 is suggested to function in endocytosis, recognition, and processing of 
antigens [28]. IFI27L2 functions in the apoptotic pathway [29]. 
Heat shock proteins and solute carriers (HSPA2, HSPB1, HSPA8, SLC5A1) play a 
role in maintaining homeostasis and buffering the negative impacts of hyperthermic 
conditions as well as disease challenges [30,31]. Heat shock proteins function in protein 
folding, intracellular trafficking, and managing proteins that are denatured by heat and other 
stresses, such as pathogens. Some heat shock proteins, such as HSPA2, are involved in 
binding antigens and presenting them to the immune system [32]. 
In this study, we used data from two treatment groups of a brown egg-laying 
commercial hybrid cross (HYB). One group (NDV) was challenged with a lentogenic strain 
of NDV; the other (heat + NDV) was also exposed to high ambient temperature before and 
during the lentogenic NDV challenge. Phenotypic responses to NDV or heat + NDV were 
measured; selected single nucleotide polymorphisms (SNPs) within 14 target genes or 
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regions were genotyped and gene haplotypes were identified. The genotype effects of these 
gene haplotypes on phenotypic responses to either the NDV challenge or heat + NDV 
challenge were tested. 
Materials and Methods 
Animals and Husbandry 
Pooled semen from 16 sires was used to inseminate 145 dams to produce three 
hatches of 360 mixed-sex chicks of a commercial brown egg layer line (Hy-line Brown, Hy-
Line International) for this study. Birds were provided ad libitum access to feed and water 
throughout the study period and were reared following standard commercial husbandry 
practices. Initially, 23 h of light was provided, which was gradually decreased to 13.5 h of 
light by day 29. The birds were reared at thermo-neutral temperature (until day 14 in the heat 
+ NDV group). In each of the three replicates (hatches), half (180) of the chicks were ground 
transported from Hy-Line International in Dallas Center, IA, USA to a BSL-2 facility in 
Ames, IA, USA for a pathogen challenge, and the other half (180) were shipped by air the 
same day to a BSL-2 facility in Davis, California, USA for a thermal and pathogen challenge. 
The families (sibs) were distributed as evenly as possible using known dam information 
across the two treatment groups (NDV and heat + NDV). Institutional Animal Care and Use 
Committees approved all of the animal procedures and care in this study (log #1-13-7490-G 
and #17853). Genomic DNA was isolated from whole, non-coagulated (EDTA) blood that 
was collected from the brachial vein of all chicks pre-challenge. 
Experimental Design 
The experiment was performed across three replicates (three hatches from the same 
dams and sires) of 180 birds for two treatment groups for 1080 birds in total. The chicks in 
the NDV treatment group were challenged with NDV. The chicks in the heat + NDV 
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treatment group were subjected to the same NDV challenge with the addition of a heat 
challenge that was initiated before the NDV challenge and continued throughout the study. 
The experimental timeline for both of the treatment groups is depicted in Figure 3-1. High 
ambient temperature was included in the experimental protocol for the heat + NDV treatment 
group. Until day 14, the chicks were reared at thermo-neutral temperature and 60% humidity. 
At 14 days of age, the temperature was increased to 35 °C and was held until the conclusion 
of the trial (25 °C in the non-heated group). The optimum temperature for adult laying hens 
is 19–22 °C, with temperatures above this range resulting in heat stress [33]. For both 
treatment groups, at 21 days of age (0 dpi), the birds were inoculated with 108 of 50% 
embryonic infectious dose (EID50) of live attenuated type B1 LaSota strain Newcastle 
disease vaccine in a volume of 200μL. Virus propagation was detailed previously by Deist et 
al. [34]. The virus was administered via a natural, ocular-nasal route. Each eye and nares 
received ~50 μL of inoculum. The ND viral load was quantified at 20, 23, and 27 days of age 
and was thereafter designated as pre-challenge, 2 dpi, and 6 dpi, respectively. Anti-NDV 
antibody levels were measured on day 31 and were hereafter referred to as 10 dpi. Body 
weights were recorded on days 0, 21, and 31 of age. Previously, two distinct genome wide 
association studies (GWAS) (NDV and heat + NDV) associated 600 k genotypes from these 
birds with the NDV viral load, anti-NDV antibody, and growth rate phenotypes described 
herein [35,36]. 
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Figure 3-1: Experimental design 
Viral Load 
To quantify the viral load, lachrymal fluid was collected from each bird two times, 2 
dpi (n = 969) and 6 dpi (n = 965), as previously described by Deist et al. [34]. Viral RNA 
was isolated from each lachrymal fluid sample and was quantified via quantitative real-time 
PCR (qRT-PCR) in duplicate, as described by Deist et al. [34]. The mean viral RNA copy 
number was calculated per sample and was log10 transformed to achieve a distribution that 
was closer to normality. 
Antibody 
Sera samples were collected at 10 dpi (n = 916) for the quantification of anti-NDV 
antibody using an IDEXX NDV ELISA for chickens (IDEXX Laboratories, Inc., Westbrook, 
ME, USA). Each sample was quantified in duplicate and the average sample:positive (S/P) 
absorbance ratio was calculated per the manufacturer’s instructions and was log10 
transformed to achieve a distribution that was closer to normality. 
Growth Rate 
Body weights were recorded in grams on days 0, 21 (0 dpi), and 31 (10 dpi). The pre 
NDV challenge growth rate (n = 991) was calculated as grams per day that were gained 
between days 0 and 21. The post NDV challenge growth rate (n = 969) was calculated as 
grams per day that were gained between days 21 and 31. 
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Heat-Related Phenotypes 
Phenotypes related to the heat challenge were measured in the heat + NDV treatment 
group only. An i-STAT® handheld blood analyzer (Abbott Laboratories, San Diego, CA, 
USA) was used to quantify 13 blood parameters: four chemistry/electrolyte parameters 
(concentrations of sodium (Na), potassium (K), ionized calcium (iCa), and glucose (Glu)); 
seven blood gas parameters (pH, carbon dioxide partial pressure (PCO2), oxygen partial 
pressure (PO2), total carbon dioxide (TCO2), bicarbonate (HCO3), base excess (BE), and 
oxygen saturation (sO2)); and two hematologic parameters (termed “hematocrit” (Hct) and 
“hemoglobin” (Hb) by i-STAT®). Blood gas and chemistry parameters were measured four 
times: day 13 (pre-heat), day 14 (4 h post-heat initiation), day 20 (6 days post-heat initiation), 
and day 23 (9 days post-heat initiation and 2 days post NDV infection). 
Selection of Genes and Genotyping 
Genes or genetic regions were selected for genotyping based on previously reported 
and unreported associations with heat stress and/or immune response [13–17,19–24,18]. The 
SNPs within genes were selected for known variation within the study population. The 
targeted genes were: TLR3, TLR7, MX, IFI27L2, SLC5A1, HSPB1, HSPA2, HSPA8, IFRD1, 
IL18R1, IL1R1, AP2A2, TOLLIP. The MHC-B region (gene complex) was genotyped using a 
90 SNP panel that encompasses 38 genes within 21,000 bp, as described in [37]. Details on 
the SNPs that were genotyped, their genomic location (galGal5), and the potential impact of 
each SNP change are summarized in Table 3-2. The number of haplotypes found for each 
gene, length (bp) of the genome covered by the SNPs, and the number of SNPs that were 
tested to define each haplotype are given in Table 3-1. 
Single nucleotide polymorphisms were identified by visual examination of available 
genome sequence data of DNA pools for the elite lines that were used to produce the 
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commercial hybrid chicks that were used in the challenge [38], utilizing IGV software [39]. 
The most current chicken genome build (galGal4) and annotations (UCSC RefSeq 54) 
available at that time were used to align the genome sequences. Only SNPs that were 
identified within exons and that were predicted to impact amino acid sequences were chosen 
for genotyping. Subsequent genome builds and annotations resulted in changes in alignment 
and annotation such that some of the genotyped SNPs were no longer identified as located 
within an exon. SNPs were selected to encompass as much of each gene as possible. Details 
for SNPs within each gene based on galGal5 are given in Table 3-2. 
Genotyping was performed as single SNP assays using fluorescence-based allele 
specific detection with KASP chemistry [40] and analysis with Kraken software (LGC, 
Hoddeston, UK). The SNP data of each gene for each bird was used to identify the 
haplotypes segregating in the population and the specific haplotypes that were held by each 
individual. Haplotypes were defined by co-segregation patterns of SNPs (Tables 3-4 – 3-14). 
Any haplotype occurring less than 10 times (0.5%) was excluded from the analysis. 
Table 3-1: Gene, haplotype, and single nucleotide polymorphism (SNP) summary 
Gene Gene Name 
Number  
of Haplotypes 
Base Pairs 1 Number of SNPs 
TLR3 Toll like receptor 3 3 4819 21 
TLR7 Toll like receptor 7 3 1227 5 
MX MX dynamin like GTPase 1 5 20,492 34 
MHC-B Major histocompatibility complex B region 2 9 210,744 90 
IFI27L2 Interferon alpha inducible protein 27 like 1 4 446 7 
SLC5A1 Solute carrier family 5 member 1 5 9763 8 
HSPB1 Heat shock protein family B (small) member 1 2 1739 5 
HSPA2 Heat shock 70 kDa protein 2 4 1364 5 
HSPA8 Heat shock 70 kDa protein 8 7 5747 6 
IFRD1 Interferon related developmental regulator 1 3 3774 3 
IL18R1 Interleukin 18 receptor 1 3 6563 3 
IL1R1 Interleukin 1 receptor type 1 4 7979 7 
AP2A2 Adaptor related protein complex 2 subunit alpha 2 9 45,285 15 
TOLLIP Toll interacting protein 4 26,625 14 
1 Distance from first SNP to last SNP. 2 Gene complex encompassing 38 genes. 
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Table 3-2: Genotyping details, SNP locations and impacts (based on galGal5) 
Gene SNP Chr:bp Location1 nt change Codon Change Amino Acid 
AP2A2 00001 5:14,504,585 5' upstream T>C - - 
 i1-02199 5:14,502,020 Intron 1 G>C - - 
 i1-05799 5:14,498,420 Intron 1 G>A - - 
 i1-10304 5:14,493,915 Intron 1 C>G - - 
 i2-14650 5:14,489,569 Intron 2 C>T - - 
 i2-18015 5:14,486,204 Intron 2 T>A - - 
 i3-21570 5:14,482,649 Intron 3 C>A - - 
 i6-25342 5:14,478,877 Intron 6 C>T - - 
 i9-28615 5:14,475,604 Intron 9 C>T - - 
 1434 5:14,474,099 Exon 11 A>C TAT>TCT Y442S 
 i13-31160 5:14,473,059 Intron 13 A>G - - 
 i16-34011 5:14,470,208 Intron 16 G>A - - 
 i20-37517 5:14,466,702 Intron 20 C>T - - 
 i23-39719 5:14,464,500 Intron 23 C>T - - 
 43919 5:14,460,300 3' downstream T>C - - 
HSP70 0258 5:52,785,824 Exon 1 G>A TCG>TCA S86S 
 0909 5:52,785,173 Exon 1 C>A GCC>GCA A303A 
 0985 5:52,785,097 Exon 1 C>T CTT>TTT L329F 
 1044 5:52,785,038 Exon 1 G>A AAG>AAA K348K 
 1622 5:52,784,460 Exon 1 C>A GCC>GAC A541D 
HSPA8 I1-027 24:3,069,453 Intron 1 C>A - - 
 0391 24:3,070,254 Exon 2 G>A AAG>AAA K25K 
 1072 24:3,071,587 Exon 5 C>T GAC>GAT D252D 
 1471 24:3,072,303 Exon 6 T>C TCT>TCC S385S 
 1831 24:3,072,974 Exon 7 T>C AAT>AAC N505N 
 3260 24:3,075,200 3' downstream C>T - - 
HSPB1 133 19:4,255,590 Exon 1 G>C TGG>TGC W42C 
 280 19:4,255,443 Exon 1 C>T GCC>GCT A91A 
 I1-1005 19:4,254,450 Intron 1 G>A - - 
 459 19:4,253,765 Exon 3 T>A GTG>GAG V164E 
 559 19:4,253,704 Exon 3 C>T GTC>GTT V184V 
IFI27L2 161 23:4,295,436 Exon 2 G>T GCC>TCC A35S 
 219 23:4,295,494 Exon 2 A>G AAC>AGC N54S 
 291 23:4,295,816 Exon 3 T>G GTT>GGT V78G 
 299 23:4,295,824 Exon 3 G>C GTC>CTC V81L 
 312 23:4,295,837 Exon 3 C>T TCC>TTC S85F 
 324 23:4,295,849 Exon 3 C>T CCG>CTG P89L 
 326 23:4,295,851 Exon 3 G>C GTC>CTC V90L 
 357 23:4,295,882 Exon 3 A>C TAA>TCA *100S 
IFRD1 0319 1:26,863,605 Exon 2 G>A AGT>AAT S21N 
 0390 1:26,863,534 Exon 2 C>G CCC>GCC P45A 
 1038 1:26,859,831 Exon 8 G>C GAT>CAT D261H 
IRIL1 202-0149 1:133,233,629 Exon 2 G>A GTG>ATG V18M 
 202-0213 1:133,235,394 Exon 3 A>T GAT>GTT D39V 
 202-0548 1:133,236,107 Exon 5 C>A CTA>ATA L151I 
 202-0551 1:133,236,110 Exon 5 C>G CAG>GAG Q152E 
 202-0572 1:133,236,131 Exon 5 T>C TAT>CAT Y159H 
 202-0869 1:133,239,869 Exon 7 G>A GAT>AAT D258N 
 202-1056 1:133,241,608 Exon 9 C>T CCT>CTT P320L 
SLC5A1 0484 15:8,778,833 Exon 6 T>C TTG>CTG L162L 
 0906 15:8,776,145 Exon 9 C>T TGC>TGT C302C 
 I10-6 15:8,775,513 Intron 10 G>A - - 
 1464 15:8,772,392 Exon 13 G>T GAG>GAT E488D 
 1505 15:8,772,351 Exon 13 G>A TGT>TAT C502Y 
 2995 15:8,769,777 Exon 15 (UTR) C>T - - 
 3190 15:8,769,582 Exon 15 (UTR) A>G - - 
 3702 15:8,769,070 Exon 15 (UTR) T>C - - 
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Table 3-2 (cont.) 
 
Gene SNP Chr:bp Location1 nt change Codon Change Amino Acid 
TLR3 0050 4:60,925,710 Intron 1 T>C - - 
 0095 4:60,925,755 Intron 1 G>A - - 
 0203 4:60,925,863 Exon 2 A>T GAT>GTT D19V 
 0274 4:60,925,934 Exon 2 A>C AAA>CAA K43Q 
 0389 4:60,926,049 Exon 2 A>G AAT>AGT N81S 
 0538 4:60,927,055 Exon 3 A>G AGC>GGC S131G 
 0574 4:60,927,091 Exon 3 A/- AAA> frameshift 
 0719 4:60,928,079 Exon 4 A>C AAC>CAC N174H 
 0892 4:60,928,252 Intron 5 T>G - - 
 1000 4:60,928,360 Exon 6 A>T ACT>TCT T201S 
 1197 4:60,928,557 Exon 6 G>C AGG>AGC R266S 
 1247 4:60,928,607 Exon 6 A>G GAG>GGG E283G 
 1538 4:60,928,898 Exon 6 G>A AGG>AAG R380K 
 1781 4:60,929,141 Exon 6 C>T GCG>GTG A461V 
 1795 4:60,929,155 Exon 6 G>C GAC>CAC D466H 
 1936 4:60,929,296 Exon 6 G>T GCT>TCT A513S 
 2108 4:60,929,468 Exon 6 C>T GCT>GTT A570V 
 2299 4:60,929,659 Exon 6 A>T ACT>TCT T634S 
 2356 4:60,929,716 Exon 6 G>A GAA>AAA E653K 
 2397 4:60,929,757 Exon 6 A>G ATA>ATG I666M 
 2545 4:60,930,529 Exon 7 G>A GAT>AAT D716N 
TLR7 0417 1:122,859,432 Exon 2 C>T CGT>TGT R030C 
 0666 1:122,859,183 Exon 2 G>A GTC>ATC V113I 
 0708 1:122,859,141 Exon 2 A>T ACA>TCA T127S 
 0781 1:122,859,068 Exon 2 G>A CGT>CAT R151H 
 3169 1:122,856,680 Exon 2 A>C CAG>CCG Q947P 
TOLLIP 00001 5:14,041,383 5' upstream G>A - - 
 i-02190 5:14,044,248 Intron 1 A>G - - 
 i-04007 5:14,046,065 Intron 1 T>C - - 
 i-07212 5:14,049,270 Intron 1 C>T - - 
 i2-09101 5:14,051,159 Intron 2 A>G - - 
 0365 5:14,053,920 Exon 3 T>G TAT>GAT Y83D 
 i3-12440 5:14,054,498 Intron 3 A>G - - 
 i4-14397 5:14,056,455 Intron 4 A>G - - 
 i5-17066 5:14,059,124 Intron 5 A>G - - 
 i5-19496 5:14,061,554 Intron 5 A>C - - 
 i5-22503 5:14,064,561 Intron 5 A>G - - 
 0767 5:14,065,571 Exon 6 A>G ACA>GCA T217A 
 0894 5:14,065,698 Exon 6 A>G AAC>AGC N259S 
 25950 5:14,068,008 3' downstream G>A - - 
1 Location relative to gene elements 
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Table 3-3: AP2A2 SNPs and haplotype configurations 
 SNPs  
 
0
0
0
0
1
 
i1
-0
2
1
9
9
 
i1
-0
5
7
9
9
 
i1
-1
0
3
0
4
 
i2
-1
4
6
5
0
 
i2
-1
8
0
1
5
 
i3
-2
1
5
7
0
 
i6
-2
5
3
4
2
 
i9
-2
8
6
1
5
 
1
4
3
4
 
i1
3
-3
1
1
6
0
 
i1
6
-3
4
0
1
1
 
i2
0
-3
7
5
1
7
 
i2
3
-3
9
7
1
9
 
4
3
9
1
9
 
Concatenated 
Haplotypes 
H01 T C G C T T C T C A G G T T T TCGCTTCTCAGGTTT 
H02 T C G C T A C T T A A A C T T TCGCTACTTAAACTT 
H03 C G A G C T A C C A G A T T C CGAGCTACCAGATTC 
H04 C G A G C T C C C A A G C T T CGAGCTCCCAAGCTT 
H05 T C G G C T C C C A A G C C T TCGGCTCCCAAGCCT 
H06 C G A G C T C T C A G G T T T CGAGCTCTCAGGTTT 
H07 C G G C T A A T T A A G C C T CGGCTAATTAAGCCT 
H08 C G A G C T A C C A A G C C T CGAGCTACCAAGCCT 
H09 C G A G C T A T T A G A C T C CGAGCTATTAGACTC 
H10 T C G C T A C T T A A A T T T TCGCTACTTAAATTT 
H11 C G G C T A A T T A G A C T T CGGCTAATTAGACTT 
H12 C G A G C T C T T A A A C T T CGAGCTCTTAAACTT 
H13 C C G G C T C C C A A G C C T CCGGCTCCCAAGCCT 
H14 C G A G T A C C C A A G C T T CGAGTACCCAAGCTT 
H15 C C G G C A C C C A A A C T T CCGGCACCCAAACTT 
H16 C G A G C A C C C A A G C T T CGAGCACCCAAGCTT 
H17 T C G C T T C T C A G A C T T TCGCTTCTCAGACTT 
H18 C G A G C T A T T A G A T T C CGAGCTATTAGATTC 
Table 3-4: HSP70 SNPs and haplotype configurations 
 SNPs  
 
0
2
5
8
 
0
9
0
9
 
0
9
8
5
 
1
0
4
4
 
1
6
2
2
 
Concatenated 
Haplotypes 
H01 G C C A C GCCAC 
H02 A C C G C ACCGC 
H03 G C C G C GCCGC 
H04 A C C A C ACCAC 
H05 G A C G C GACGC 
Table 3-5: HSPA8 SNPs and haplotype configurations 
 SNPs  
 
I1
-0
2
7
 
0
3
9
1
 
1
0
7
2
 
1
4
7
1
 
1
8
3
1
 
3
2
6
0
 
Concatenated 
Haplotypes 
H01 A G T T T T AGTTTT 
H02 C G C T C T CGCTCT 
H03 A G C C T C AGCCTC 
H04 A G C C T T AGCCTT 
H05 C G C T T T CGCTTT 
H06 C G C T T C CGCTTC 
H07 C G T C C C CGTCCC 
H08 A G T T T C AGTTTC 
H09 A G C T T C AGCTTC 
H10 C A T T T C CATTTC 
H11 C G C T C C CGCTCC 
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Table 3-6: HSPB1 SNPs and haplotype configurations 
 SNPs  
 1
3
3
 
2
8
0
 
I1
-1
0
0
5
 
4
5
9
 
5
5
9
 
Concatenated 
Haplotypes 
H01 G C G T C GCGTC 
H02 G C G T T GCGTT 
H03 G T A T T GTATT 
H04 G C A T T GCATT 
Table 3-7: IFI27L2 SNPs and haplotype configurations 
 SNPs  
 1
6
1
 
2
1
9
 
2
9
1
 
2
9
9
 
3
2
4
 
3
2
6
 
3
5
7
 
Concatenated 
Haplotypes 
H01 G A T G C G A GATGCGA 
H02 G A T G T C A GATGTCA 
H03 G G G G T C A GGGGTCA 
H04 G A G G T C A GAGGTCA 
H05 T A G C T C C TAGCTCC 
H06 G A G G C G C GAGGCGC 
H07 G A G G C G A GAGGCGA 
Table 3-8: IFRD1 SNPs and haplotype configurations 
 SNPs  
 
0
3
1
9
 
0
3
9
0
 
1
0
3
8
 
Concatenated 
Haplotypes 
H01 G C G GCG 
H02 G G G GGG 
H03 A G G AGG 
Table 3-9: IL1RL1 SNPs and haplotype configurations 
 SNPs  
 
2
0
2
-0
1
4
9
 
2
0
2
-0
2
1
3
 
2
0
2
-0
5
4
8
 
2
0
2
-0
5
5
1
 
2
0
2
-0
5
7
2
 
2
0
2
-0
8
6
9
 
2
0
2
-1
0
5
6
 
Concatenated 
Haplotypes 
H01 G T A C C G C GTACCGC 
H02 G T C C T A T GTCCTAT 
H03 G T C C T A C GTCCTAC 
H04 A A C C T A T AACCTAT 
H05 G A C G T A T GACGTAT 
H06 G T A C C A T GTACCAT 
H07 G A A C C A T GAACCAT 
H08 G A C C T A T GACCTAT 
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Table 3-10: SLC5A1 SNPs and haplotype configurations 
 SNPs  
 
0
4
8
4
 
0
9
0
6
 
I1
0
-6
 
1
4
6
4
 
1
5
0
5
 
2
9
9
5
 
3
1
9
0
 
3
7
0
2
 
Concatenated 
Haplotypes 
H01 T C G G G C G T TCGGGCGT 
H02 C C G G G C G T CCGGGCGT 
H03 T T G G G C G T TTGGGCGT 
H04 T C A G G C A C TCAGGCAC 
H05 C C G G G C A T CCGGGCAT 
H06 T C G G G C A T TCGGGCAT 
H07 T C G G G T G T TCGGGTGT 
H08 T T G G G C A T TTGGGCAT 
H09 C C G G G C A C CCGGGCAC 
H10 T C G G G C A C TCGGGCAC 
Table 3-11: TLR3 SNPs and haplotype configurations 
 SNPs  
 
0
0
5
0
 
0
0
9
5
 
0
2
0
3
 
0
2
7
4
 
0
3
8
9
 
0
5
3
8
 
0
5
7
4
 
0
7
1
9
 
0
8
9
2
 
1
0
0
0
 
1
1
9
7
 
1
2
4
7
 
1
5
3
8
 
1
7
8
1
 
1
7
9
5
 
1
9
3
6
 
2
1
0
8
 
2
2
9
9
 
2
3
5
6
 
2
3
9
7
 
2
5
4
5
 
Concatenated 
Haplotypes 
H01 T G A A A A A A T A C G A C G G T T G A G TGAAAAAATACGACGGTTGAG 
H02 C G A A G A A C T A C G A C C G T T G A G CGAAGAACTACGACCGTTGAG 
H03 C G A A A A A A T A G G A T G G C A G A G CGAAAAAATAGGATGGCAGAG 
H04 C G T C A A A C T A C G A C C T T T G A G CGTCAAACTACGACCTTTGAG 
H05 C G T C A A A A T A C G A C G G C A G A G CGTCAAAATACGACGGCAGAG 
H06 C G T A A A A A T A G G A T G G C A G A G CGTAAAAATAGGATGGCAGAG 
H07 C G A A A G A A T A G G A T G G C A G A G CGAAAGAATAGGATGGCAGAG 
H08 T G A A A A A A T A G G A T G G C A G A G TGAAAAAATAGGATGGCAGAG 
H09 C G A A A A A A T A G G G C G G T T G A G CGAAAAAATAGGGCGGTTGAG 
H10 C G A A A A A A T A C G A C G G T T G A G CGAAAAAATACGACGGTTGAG 
Table 3-12: TLR7 SNPs and haplotype configurations 
 SNPs  
 
0
4
1
7
 
0
6
6
6
 
0
7
0
8
 
0
7
8
1
 
3
1
6
9
 
Concatenated 
Haplotypes 
H01 C A T G A CATGA 
H02 C G A G A CGAGA 
H03 C G A A A CGAAA 
H04 C A A G A CAAGA 
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Table 3-13: TOLLIP SNPs and haplotype configurations 
 SNPs  
 
0
0
0
0
1
 
i-
0
2
1
9
0
 
i-
0
4
0
0
7
 
i-
0
7
2
1
2
 
i2
-0
9
1
0
1
 
0
3
6
5
 
i3
-1
2
4
4
0
 
i4
-1
4
3
9
7
 
i5
-1
7
0
6
6
 
i5
-1
9
4
9
6
 
i5
-2
2
5
0
3
 
0
7
6
7
 
0
8
9
4
 
2
5
9
5
0
 
Concatenated 
Haplotypes 
H01 A A C C A T A G G C G G A A AACCATAGGCGGAA 
H02 G G C C G T G G G A A G A A GGCCGTGGGAAGAA 
H03 G A C C G T G G G A A G A A GACCGTGGGAAGAA 
H04 A A C T A T G G G C G G A A AACTATGGGCGGAA 
H05 G G T C A T A A G A A G A A GGTCATAAGAAGAA 
H06 G G T C A T G G A A G G G G GGTCATGGAAGGGG 
H07 G A T C G T G G G A A G A A GATCGTGGGAAGAA 
H08 A A T C A T A A A A A G A A AATCATAAAAAGAA 
H09 G G T T A T G G G C G G A A GGTTATGGGCGGAA 
H10 A A C C A T A A A A G G A G AACCATAAAAGGAG 
H11 A A T C A T A A A C G G A A AATCATAAACGGAA 
H12 A G C T A T A A A A G G A A AGCTATAAAAGGAA 
H13 A A C C G T G G G A A G A A AACCGTGGGAAGAA 
H14 A A T C G T G G G A A G A A AATCGTGGGAAGAA 
H15 G G T C A T A G G C G G A A GGTCATAGGCGGAA 
H16 A G T C A T A A G A A G A A AGTCATAAGAAGAA 
H17 G A T C A T G G A C A G A G GATCATGGACAGAG 
 
Data Analysis 
Heritabilities for anti-NDV antibody level at 10 dpi, ND viral load at 2 and 6 dpi, and 
pre and post NDV challenge growth rate were estimated across both treatment groups. 
Heritabilities for these NDV challenge related phenotypes were previously estimated for the 
treatment groups separately and were reported in [35,36]. For heat challenge related 
phenotypes, heritability was estimated among the heat challenged animals only [41]. 
Heritabilities were estimated in ASReml 4 [42] using the following univariate animal 
model: 
 =  ! + 	 +  

 +   +  
where Y is the dependent variable of the phenotype. Sex (S) and a combined variable of 
room and replicate (RR) were fitted as fixed effects. Room and replicate were treated as 
distinct between treatments so that the RR effect captured treatment effects as well. Random 
effects included animal genetic effects (A) with a genomic relationship matrix that were 
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computed using genotypes of 338,814 quality-controlled SNPs from the 600 K SNP panel 
[35,36] for 946 animals following the procedure described by [43], and residuals (e). The 
random effect of dam was included for pre-challenge measurements of growth rate. 
Phenotypic variance was obtained by summing estimates of variance due to animal, residual, 
and dam (where applicable). Heritability was calculated as a ratio of the estimates of animal 
to phenotypic variance. Genetic correlations between traits that were measured in both the 
treatment groups were also estimated with a bivariate animal model in ASReml 4 fitting the 
same effects as described above. 
Haplotype effects were tested for phenotypes with heritability estimates different 
from zero (estimate greater than two times the standard error). Two types of haplotype 
effects were tested, copy number (i.e., 0, 1, or 2 copies of any given haplotype) and 
combination (i.e., which two haplotypes are present for a given gene). Haplotype copy 
number effects were tested separately for each haplotype (n = 65) and haplotype combination 
effects (effect of each specific pair of haplotypes that exist for a given gene) were tested 
separately for each gene or region (n = 14) by including haplotype copy number as a 
covariate or haplotype combination as a fixed effect in the univariate animal model that was 
described for heritability estimation. For phenotypes that were measured in both of the 
treatment groups, the interaction of treatment with haplotype (copy number or combination) 
was added. Individual SNPs were also tested for effects on phenotypes. p-values were 
adjusted for multiple tests within the phenotype using the Benjamini-Hochberg correction 
[44]. 
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Results and Discussion 
Viral Load 
None of the birds that were tested for the viral load pre-NDV challenge had 
detectable viral RNA, as expected (data not shown). Viral load was significantly higher via 
least squares means at 2 dpi compared to 6 dpi (p < 0.0001) in both of the treatment groups, 
indicating viral clearance between 2 and 6 dpi. Mean viral load at 2 and 6 dpi were 
significantly (p < 0.001) lower in the heat + NDV group compared to the NDV group (Table 
3-14, Figure 3-2). The combined stressors of heat and NDV were expected to result in higher 
viral load in the heat + NDV treatment. We hypothesize that the higher environmental 
temperature in the heat + NDV treatment inactivated the shed virus to a greater degree than 
in the non-heated environment and, therefore, reduced the bird-to-bird virus transmission, 
resulting in lower viral loads in the heat + NDV group. The viral load means for the two 
groups are in Table 3-14. 
Table 3-14: Heritability (h2) and descriptive statistics of phenotypes measured in both of the 
treatment groups and separately in response to NDV (Newcastle disease virus). 
 Both treatment groups  NDV3  heat + NDV4 
Trait h2 (SE) N mean  h2 (SE) N mean  h2 (SE) N mean 
Viral load 2 dpi1 0.24 (0.06) 969 4.94  0.32 (0.01) 468 5.10  0.17 (0.10) 501 4.77 
Viral load 6dpi1 0.09 (0.04) 965 3.22  0.18 (0.01) 470 3.72  0.11 (0.08) 495 2.76 
Antibody 10dpi1 0.14 (0.05) 916 -0.07  0.24 (0.09) 448 -0.04  0.04 (0.06) 468 -0.10 
Growth rate pre-challenge2 0.40 (0.06) 991 8.62  0.46 (0.11) 473 10.4  0.27 (0.09) 518 6.93 
Growth rate post-challenge2 0.16 (0.05) 969 10.97  0.21 (0.09) 470 15.4  0.11 (0.06) 499 6.7 
1 Phenotypes log10 transformed. 2 pre and post NDV challenge. 3 Referenced from [35]. 4 Referenced from [36].  
SE: standard error 
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Figure 3-2: Viral load distributions at 2 and 6 dpi for both treatment groups 
Estimates of heritability for traits that were measured in both groups are reported in 
Table 3-14. The heritability estimate for viral load at 2 dpi for both groups (0.24 ± 0.06) was 
intermediate to separate estimates that were obtained from the NDV birds (0.32 ± 0.10) and 
the heat + NDV birds (0.17 ± 0.10) [35,36]. For 6 dpi, heritability for both groups was 0.09 
(±0.04), while the estimates for the NDV and heat + NDV groups alone were not different 
from 0. Standard errors for the overall heritability estimates were also lower than the errors 
that were calculated separately by group, as expected with a larger data set. To our 
knowledge, these are the only reports of heritability for viral load of ND. Genetic correlation 
estimates of viral load between the two treatment groups had large standard errors (2 dpi, 
0.51 ± 0.34; 6 dpi, 0.77 ± 0.56). No conclusion about genetic distinctiveness of the trait under 
two treatments can be made. 
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Antibody 
Mean anti-NDV antibody level at 10 dpi was significantly higher in the NDV group 
compared to the heat + NDV group (p = 0.013, Table 3-14, Figure 3-3). The mean anti-NDV 
antibody level for both groups is in Table 3-14. The heritability of the 10 dpi antibody level 
was intermediate for both groups (0.14 ± 0.05) compared to the NDV birds (0.24 ± 0.09) and 
the heat + NDV birds (0.04 ± 0.06), separately [35,36]. Heritability differences between the 
two treatment groups can be mostly explained by environmental differences. Environmental 
variation was much larger in the heat + NDV group compared to the NDV group. Genetic 
correlation estimates of anti-NDV antibody between the two treatment groups had a large 
standard error (0.26 ± 0.91). There is not enough power to estimate the genetic correlation 
with less than 500 birds in each treatment group when one of the groups has low heritability. 
The heritability estimated for antibody levels that was reported by Lwelamira et al. in 
two Tanzanian chicken ecotypes that were measured two weeks post NDV vaccination (0.29) 
is slightly higher than our estimate for anti-NDV antibody at 10 dpi [45]. Peleg et al. also 
estimated a higher heritability (0.31) of antibody response to attenuated NDV at 12 dpi based 
on sire variance components in broilers [7]. 
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Figure 3-3: Antibody 10 dpi distribution by treatment group 
Growth Rate 
Growth rates, pre and post NDV challenge, were significantly higher in NDV birds 
compared to heat + NDV birds (p < 0.001, Table 3-14, Figure 3-4). Growth rate post 
challenge was significantly greater than growth rate pre challenge for both groups. The 
means of growth rates for both groups are in Table 3-14. Heritability for both growth rate 
periods was intermediate for both groups (pre: 0.40 ± 0.06 and post: 0.16 ± 0.05) compared 
to NDV birds (pre: 0.46 ± 0.11 and post: 0.21 ± 0.09) and heat + NDV birds (pre: 0.27 ± 0.09 
and post: 0.11 ± 0.06) [35,36]. To our knowledge, these are the only reports of heritability for 
growth rate, under any condition, in layer-type birds. Genetic correlation of growth rate post-
NDV between the two treatment groups had a large standard error (post-NDV, 0.22 ± 0.40). 
The genetic correlation of growth rate pre-NDV differed from 0 and 1, meaning that the 
growth trait that was measured in the two treatment groups shared some level of genetic 
control (0.66 ± 0.15), however that genetically it was not the same trait. 
72 
Figure 3-4: Body weights on days 0, 21, and 31 and regression lines for population average 
growth rate pre- and post-NDV challenge by treatment group. Red boxes indicate the heat + 
NDV treatment group, blue boxes indicate the NDV treatment group. 
Heat-Related Phenotypes 
Heritabilities and means for thirteen iSTAT parameters and body temperature, 
measured in the heat+NDV treatment group to quantify response to heat across four time-
points, are shown in Table 3-15.  Of these h2 estimates, eight were different from zero:  
HCO3, BE, and TCO2 on day 14 (acute heat); pH, PCO2, HCO3, BE, and TCO2 on day 23 
(chronic heat).  HCO3, BE, and TCO2 were the phenotypes with significant heritability across 
time.  To our knowledge, the only other report of heritability estimates of i-STAT blood 
parameters under heat challenge was by Van Goor et al. [43].  Van Goor et al. did not report 
h2 estimates different from 0 for pH, PCO2, HCO3, BE, or TCO2 at 7 days post heat initiation. 
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Table 3-15: Heritability (standard error) and mean (standard deviation) of heat challenge 
related phenotypes measured in the heat+NDV treatment group 
Trait 
Day 13  Day 14  Day 20  Day 23 
pre treatment  4 hours post-heat  6 days post heat  
9 days post heat; 
2 days post NDV 
h2 
(SE) 
mean (sd)  h2 (SE) mean (sd)  h2 (SE) mean (sd)  h2 (SE) mean (sd) 
Body temp, ° C 0.13 
(0.08) 
41.92 
(0.45) 
 
0.07 
(0.07) 
42.23 
(1.03) 
 
0.06 
(0.06) 
42.0 
(0.36) 
 
0.08 
(0.06) 
42.01 
(0.35) 
pH 0.05 
(0.06) 
7.40 
(0.07) 
 
0.06 
(0.06) 
7.42 
(0.07) 
 
0.06 
(0.06) 
7.41 
(0.06) 
 
0.18 
(0.08) 
7.44 
(0.07) 
PCO2, mmHg 0.01 
(0.04) 
35.66 
(5.36) 
 
0.08 
(0.06) 
32.60 
(5.14) 
 
0.02 
(0.05) 
30.78 
(5.37) 
 
0.19 
(0.08) 
28.78 
(5.63) 
PO2, mmHg 0.08 
(0.06) 
54.86 
(8.01) 
 
0.11 
(0.08) 
52.76 
(8.13) 
 NC 
57.61 
(8.69) 
 
0.10 
(0.07) 
55.81 
(7.36) 
HCO3, mmol/L 0.01 
(0.05) 
21.71 
(2.23) 
 
0.26 
(0.09) 
21.12 
(2.14) 
 
0.12 
(0.07) 
19.41 
(2.20) 
 
0.18 
(0.08) 
19.33 
(2.52) 
BE, mmol/L 0.08 
(0.07) 
-3.17 
(2.79) 
 
0.23 
(0.08) 
-3.30 
(2.65) 
 
0.14 
(0.07) 
-5.20 
(2.56) 
 
0.20 
(0.08) 
-4.83 
(2.76) 
sO2, % 0.03 
(0.05) 
86.10 
(5.67) 
 NC 
86.84 
(6.09) 
 NC 
89.21 
(4.66) 
 
0.16 
(0.08) 
89.24 
(4.62) 
Glu,mg/dL 0.11 
(0.07) 
244.23 
(21.57) 
 
0.03 
(0.05) 
249.82 
(21.65) 
 
0.11 
(0.07) 
239.65 
(22.48) 
 
0.16 
(0.08) 
237.73 
(18.73) 
Na, mmol/L 0.05 
(0.07) 
123.94 
(11.99) 
 
0.01 
(0.05) 
130.66 
(9.91) 
 NC 
130.80 
(11.59) 
 NC 
127.81 
(10.93) 
K, mmol/L 0.05 
(0.06) 
4.1   
(0.72) 
 NC 
4.38 
(0.71) 
 NC 
4.35 
(0.66) 
 NC 
4.45 
(0.71) 
TCO2, mmol/L 
NC1 
22.77 
(2.30) 
 
0.24 
(0.08) 
22.11 
(2.24) 
 
0.10 
(0.07) 
20.33 
(2.33) 
 
0.17 
(0.07) 
20.18 
(2.66) 
iCa, mmol/L 
NC 
0.83 
(0.40) 
 NC 
0.56 
(0.26) 
 
0.05 
(0.06) 
0.92 
(0.35) 
 NC 
0.97 
(0.39) 
Hct, %PCV 0.10 
(0.09) 
18.15 
(5.25) 
 
0.05 
(0.07) 
16.77 
(4.81) 
 
0.09 
(0.08) 
20.19 
(5.96) 
 
0.00 
(0.06) 
17.87 
(4.02) 
Hb, g/dL 0.10 
(0.08) 
6.17 
(1.79) 
 
0.05 
(0.07) 
5.70 
(1.64) 
 
0.10 
(0.08) 
6.87 
(2.02) 
 
0.01 
(0.06) 
6.08 
(1.37) 
1 Does not converge 
 
Haplotype Effects 
Of the tested genes, seven (TLR7, MX, IFI27L2, SLC5A1, HSPA2, IFRD1, IL1R1) 
had significant (p < 0.05) haplotype effects on at least one phenotype (Table 3-16). 
Significant effects were identified for both haplotype copy number effects (i.e., 0, 1, or 2 
copies of any given haplotype) and haplotype combination effects (i.e., which two haplotypes 
are present for a given gene). For individual SNPs, only 12 of the many SNP effect tests (223 
SNPs tested for each phenotype) were significant (Table 3-17). Haplotypes (large spans of 
information) can capture a higher degree of variation within a gene or region compared to 
SNPs (individual points of information). Therefore, it is not surprising that significant effects 
for haplotypes were found across multiple genes and phenotypes when individual SNP 
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effects were scarce. For phenotypes that were measured in both groups, the interaction of 
treatment group and haplotype was significant in a few cases. 
Table 3-16: P-values for genes with significant haplotype combination effects and for 
additive effects of individual haplotypes 
Trait Time point 
Analysis 
(treatment 
group) 
Gene p-value 
Adjusted 
p-value 
Haplotype 
with 
significant 
additive effect 
p-value for 
additive 
effect 
Adjusted 
p-value for 
additive 
effect 
Viral load 6 days post NDV 
combined SLC5A1 0.001 0.014    
NDV SLC5A1 0.01 0.14    
Antibody 10 days post NDV 
combined IFI27L2 0.002 0.028 H031 0.003 0.18 
NDV IFI27L2 0.01 0.14 H031 0.001 0.06 
Growth 
rate 
post heat and NDV 
combined HSP70 0.006 0.084    
NDV IFRD1 0.002 0.028 H012 0.001 0.06 
heat + NDV HSP70 0.001 0.014    
BE 
9 days post heat; 
2 days post NDV 
heat + NDV HSP70 0.001 0.014    
heat + NDV TLR7 0.021 0.098    
heat + NDV MX 0.017 0.098    
pH 
9 days post heat; 
2 days post NDV 
heat + NDV MX 0.004 0.056    
heat + NDV IL1RL1 0.011 0.077    
HCO3 
9 days post heat; 
2 days post NDV 
heat + NDV HSP70 0.002 0.028    
TCO2 
9 days post heat; 
2 days post NDV 
heat + NDV HSP70 0.003 0.042    
1 IFI27L2-H03 defined in Table 3-7. 2 IFRD1-H01 defined in Table 3-8. 
Table 3-17: P-values of individual SNPs with significant effect 
Time-point Treatment Trait Gene SNP p-value adjusted p-value 
D23 
 
9 days post heat; 
2 days post NDV 
pH MX PRO 0.002 0.0269 
 MX PRO2 0.002 0.0269 
 MX 122 0.002 0.0269 
   MX 125 0.002 0.0269 
   MX 156 0.002 0.0269 
   MX 351 0.001 0.0269 
   MX 605 0.002 0.0269 
   MX 1455 0.002 0.0269 
   MX 1545 0.002 0.0269 
   MX 1248 0.003 0.0363 
   MHC 56 0.005 0.0465 
   IFRD1 0319 0.005 0.0465 
 
A consistent effect of IFI27L2 was seen for antibody at 10 dpi (Table 3-16). Copy 
number effect for IFI27L2-H03 (H03 defined in Table 3-7) was significant in the NDV 
treatment group, as well as in the combined data of both treatment groups. Significant 
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haplotype combination effects were also detected for IFI27L2 in the NDV treatment group 
and in the combined data of both treatment groups. The shared significance and direction of 
effect between the analyses (NDV; heat + NDV), a lack of significance in the heat + NDV 
group, and a lack of significant haplotype by treatment interaction indicate the robustness of 
the action of IFI27L2 during viral challenge. Interferon alpha inducible protein 27 (IFI27L2) 
has been previously shown to be upregulated in response to several viruses, including NDV 
[13,47–50]. The current study is the first record of association of IFI27L2 with antibody 
response and/or heat challenge. These results suggest that haplotype differences in the 
IFI27L2 gene impact antibody production in response to NDV. 
No effects were detected for viral load at 2 dpi in either group either separately or in 
the combined treatment groups. SLC5A1 was associated with viral load at 6 dpi. Significant 
effects were identified for the SLC5A1 haplotype pair combination in the NDV treatment 
group as well as in the combined data set (Table 3-16). Solute carrier family 5 member 1 
(SLC5A1) functions as a sodium/glucose cotransporter [51]. The implication of SLC5A1 with 
viral load is novel. Expression of SLC5A1 has been shown to be affected by hyperthermic 
conditions [52,53]. The shared significance and direction of the effect between the NDV 
challenge alone and the NDV challenge under heat, along with a lack of significance in the 
heat + NDV group and a lack of significant haplotype by treatment interaction, indicates the 
robustness of the role SLC5A1 is playing in response to NDV. 
Growth rate post-NDV challenge was associated with IFRD1 (Table 3-16) and with 
HSPA2 (Table 3-16). The effects of IFRD1 haplotype combination and of IFRD1_H01 copy 
number were significant in the NDV group. Interferon related developmental regulator 1 
(IFRD1) functions in muscle growth and differentiation [25] and, importantly for laying 
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hens, in the balance of bone formation and resorption [54]. Many quantitative trait loci that 
are associated with growth, body weight, and fat accumulation have been reported in the 
location of IFRD1 [55]. IFRD1 exhibits lower expression in the trachea and Harderian gland 
of Fayoumi (resistant) chickens compared to Leghorn (susceptible) chickens after NDV 
infection [26,34]. The Fayoumi and Leghorn chickens are inbred research lines representing 
resistant and susceptible models, respectively. Our finding of a significant effect of IFRD1 
haplotype on growth rate is in agreement with previous findings. The additional implication 
of IFRD1 in bone formation and resorption is particularly relevant since the population 
studied was a commercial laying hen line. HSPA2 haplotype combination effect on growth 
rate post-NDV challenge was significant in the combined data and in the heat + NDV group. 
Heat shock 70 kDa protein (HSPA2) functions as a chaperone and assists in protein folding 
during exposure to heat or other stresses [56]. HSPA2 has also been implicated in antigen 
binding and presentation [57]. These two previously identified roles for HSPA2 contribute to 
its effect, presented here, on growth rate post NDV challenge. Under heat challenge 
conditions, growth during the NDV challenge is impacted by HSPA2. Under thermoneutral 
conditions, growth during the NDV challenge is impacted by IFRD1. The interaction of the 
IFRD1 haplotype combination with the treatment group was the only significant haplotype 
by treatment group interaction (adjusted p < 0.1, data not shown). This difference in gene 
effects between the two treatment groups highlights the potential impact of hypothermic 
challenge on response to disease. 
Eight significant haplotype combination effects were found for blood component 
traits that were measured in the heat + NDV treatment group on day 23 (9 days post heat 
initiation and 2 days post NDV inoculation). HSPA2 had a significant effect on Base Excess 
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(BE), Bicarbonate (HCO3), and Total Carbon Dioxide (TCO2). MX had a significant effect on 
pH and BE. IL1RL1 had a significant effect on pH and TLR7 had a significant effect on BE. 
Considering the known functions and roles of these genes, it is likely that the effect of 
HSPA2 is mainly due to the heat challenge and the effects of MX, IL1RL1, and TLR7 are due 
to the viral challenge. MX and TLR7 were previously reported to be upregulated in response 
to NDV infection in the trachea, spleen, lung, and Harderian gland of Leghorn and Fayoumi 
inbred research lines in a companion study [26,34,58,59]. To our knowledge, there are no 
other reports of hematologic, serum chemistry, and blood gas traits under viral challenge in 
chickens. No gene or haplotype effects were found for other blood component traits. 
Previously, two distinct GWAS (NDV and heat + NDV) combined 600 k genotypes 
from these birds with the NDV viral load, anti-NDV antibody, and growth rate phenotypes 
described herein [35,36]. Both studies identified multiple SNPs that met a suggestive (20%) 
genomewide threshold. For antibody at 10 dpi, one QTL was identified in each treatment 
group (NDV: chr 21, heat + NDV: chr 1). For viral load at 2 dpi, one QTL on chromosome 1 
was identified in the heat + NDV group (none in the NDV group). For viral load at 6 dpi, one 
QTL was identified in each treatment group, on chromosome 4 in the NDV group and on 
chromosome 24 in the heat + NDV group. No overlap in the location of significance (SNPs 
or haplotypes) was seen between the GWAS and the results of the targeted genotyping that 
are presented here. Quite possibly, more variation linked to causative variants was captured 
in the targeted candidate gene genotyping than was captured in the 600k data, likely due to 
the much closer distance between SNPs that was used for the candidate gene analysis. Many 
more tests were performed in the GWAS than the candidate gene analysis that is presented 
here. Therefore, multiple test corrections would have been more stringent for the GWAS, 
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creating the possibility that any potential shared effects (between GWAS and targeted 
genotyping) were considered non-significant in the GWAS results due to correction. The 
results of the two GWAS, combined with the results of the targeted genotyping analysis 
reported here, will enhance our understanding, providing a holistic view of response to 
infection under thermoneutral and heat stressed conditions. 
Although previous studies have reported that the expression of the 14 genes and 
regions that were evaluated here was impacted by NDV, heat, or other viral challenge [13–
24], it is not altogether unsurprising that the current study did not find many links between 
the haplotypes (nucleotide variation) of the genes that were considered and the phenotypes 
that were quantified in this study. The multiple intermediary steps and factors that impact 
gene expression make it difficult to identify links between nucleotide variation and 
expression. In addition, little overlap exists in the genetic background of the lines that were 
used in all these studies (inbred vs. hybrid, research vs. commercial, etc.). The genetic 
background of the line used has a significant impact on the results of genetic studies. 
Therefore, it is essential to pair relevant genetic lines with the subject of the study. 
It is important to add a note of caution in the interpretation of our results. Pre-
challenge (day 13) body weight was significantly different between the treatment groups 
(facilities). At this early phase of the experiment, the groups did not differ in terms of applied 
treatments. However, the birds in the group that were intended to receive the heat + NDV 
treatment did have a longer transport distance to their facility and, thus, a longer delay in 
initial access to feed and water and potentially additional transport stressors. Therefore, 
phenotypic differences that were measured in the later phases (viral load and antibody), 
which were confounded with treatment facility, may have been influenced to some extent by 
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facility-specific environmental differences other than the applied treatments. However, the 
RR fixed effect accounted for differences between the groups (facilities), intentional and 
unintentional, in the statistical model. 
In summary, seventeen significant effects among seven genes (TLR7, MX, IFI27L2, 
SLC5A1, HSPA2, IFRD1, IL1R1) and seven phenotypes (growth rate post-NDV, viral load 6 
dpi, antibody 10 dpi, BE, HCO3, TCO2, pH), were detected for gene haplotype copy number 
or haplotype combination on NDV and heat response. These gene effects provide increased 
knowledge of the genomic control of NDV and heat response and provide potential SNP 
targets for genomic selection. These findings, combined with those of companion studies, 
enhance the knowledge base that is needed for the genetic improvement of the performance 
of chickens that are faced with combined pathogen and environmental challenges. 
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CHAPTER 4.    GENETIC ANALYSIS OF PRODUCTION, PHYSIOLOGIC, AND 
EGG QUALITY TRAITS IN HEAT-CHALLENGED COMMERCIAL WHITE EGG-
LAYING HENS USING 600K SNP ARRAY DATA 
Kaylee Rowland 1, Chris M. Ashwell 2, Michael E. Persia 3, Max F. Rothschild 1, Carl 
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Abstract 
Background: Heat stress negatively affects the welfare and production of chickens.  
High ambient temperature is considered one of the most ubiquitous abiotic environmental 
challenges to laying hens around the world.  In this study we recorded production traits, feed 
intake, body weight, digestibility, and egg quality of commercial white egg-laying hens 
before and during a 4 week heat exposure.  Heritabilities were estimated and SNP 
associations were tested for these phenotypes using 600k genotype data. 
Results: Seventeen phenotypes had heritability estimates greater than zero, including 
measurements at various times for feed intake, feed efficiency, body weight, albumen weight, 
Haugh units, egg mass, and also change in egg mass pre heat to post heat.  QTL were 
identified for 10 of the 17 phenotypes with measureable heritability.  Some phenotypes 
shared QTL including Haugh units pre exposure and after 4 weeks of exposure. 
Conclusions: The existence of measureable heritability indicates the existence of 
genetic control and, therefore, the potential for changing these seventeen traits through 
selective breeding.  This study contributes to the knowledge of genomic control of response 
to heat stress in laying hens. 
                                                 
1 Iowa State University, Department of Animal Science 
2 North Carolina State University, Prestage Department of Poultry Science 
3 Virginia Tech, Department of Animal and Poultry Sciences 
4 University of Delaware, Animal and Food Sciences 
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Background 
Heat stress negatively affects the welfare and production of chickens worldwide.  
Heat is considered one of the most ubiquitous environmental challenges to laying hens 
around the world (1).  Numerous studies have reported a consistent decrease in feed intake, 
body weight, egg production, egg quality, and feed efficiency after exposure to high 
environmental temperatures (2–5).  Lower egg production and egg quality means food 
security and food safety for the global human population are negatively impacted by heat 
stress of laying hens as well (6). 
Many studies reporting the effects of high ambient temperature and losses in 
production have been conducted for broilers and layers, reviewed by (6).  However, there is a 
lack of investigation of the genetic component of high ambient temperature response in 
laying hens.  Mack et al. demonstrated differences in production and behavior during heat 
challenge between two genetically and phenotypically distinct lines of White Leghorns 
(Dekalb XL and KGB) (7).  The demonstration of genetic differences opens the door to 
search for genomic regions or variants impacting layer production in high ambient 
temperature.  
In this study we exposed white egg-laying hens to a 4 week heat challenge. 
Measurements of egg production, feed intake, body weight, digestibility, and egg quality 
were recorded prior to the initiation of the heat exposure and at acute and chronic heat 
exposure time points to quantify changes in these phenotypes.  Heritabilities were estimated 
and SNP associations were tested using 600k-genotypic information. Understanding the 
genetic control of response to heat would facilitate the use of selective breeding to produce 
chickens with the genetic capability to better tolerate heat stress. 
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Methods 
Animals, Husbandry, and Heat Treatment 
Hy-Line W-36 female parent line chicks were reared at Hy-Line International (Dallas 
Center, IA) until 18 weeks of age.  In this study, 400 pullets that were transferred to Virginia 
Tech (Blacksburg, VA) were used.  Birds were transferred into pullet transportation coops, 
loaded into a long haul livestock trailer outfitted with ventilation fans, transported overnight, 
and immediately transferred to individual cages in an environmentally controlled room in an 
attempt to reduce exposure to high temperatures during transportation.  Cages (38.1cm L x 
22.9cm W x 43.2cm H) where built with four cages on one of three levels in each bank with 
all twelve cages on wheels so that birds could be transported from pre-heat to heat treatment 
chambers.  Temperature was maintained at 23°C until 24 weeks of age to allow for 
acclimation.  Birds were allowed ad libitum access to a mash layer diet and water.  The diet 
contained 0.20% titanium dioxide as a marker for the calculation of apparent metabolizable 
energy (AMEn).   
At the beginning of heat treatment, the battery cage banks were split into two, pre-
heated rooms (N=200, each) that received the same treatment.  Heat treatment began at 24 
weeks of age and continued until 28 weeks of age, lasting 4 weeks. The daily cyclic heat 
cycle, beginning at 9:00 a.m., was 7 hours at 35°C and then 30°C for the remaining 17 hours. 
Phenotypes 
Eggs were collected each day between 9:00 and 10:00 a.m.  Egg weight, egg 
production, and egg mass were recorded individually each day and averaged over 2-week 
periods: the 2 weeks preceding heat initiation, the first two weeks of heat treatment, and the 
last two weeks of heat treatment.  Feed intake was recorded for the same 2-week periods by 
weighing the feed added each day and weighing the feed remaining at the end of each 2-week 
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period.  Egg quality measurements (Haugh units, albumen weight, yolk weight, shell weight, 
shell thickness) were recorded one day prior to heat initiation, 2 days post heat initiation, and 
1, 2, 3, and 4 weeks post heat initiation.  Cloacal body temperature measurements and fecal 
sample collection for AMEn calculation, occurred one day prior to heat initiation, 3-5 after 
heat initiation on the first day, and 2 and 4 weeks post heat initiation.  Gross energy (kcal/g), 
nitrogen (g), and titanium (%) content were quantified from feed and fecal samples to 
calculate AMEn (8).  The following equations were used to calculated AMEn (9): 
"# $ % &
= %' #%( ') ) − )* #%( $ % & + 8.22 
×  #&'%# &# $ % &  
)* #%( $ % &
= %' #%( ') )* × /0  # & //0  # )*  
2&'%# &# $ % &
= #&'%# $ % & − #&'%# $ % )* 
× /0  # &//0  # )*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Genotyping and Quality Control 
Whole blood was collected from all pullets at 17 weeks of age and shipped to 
GeneSeek, Neogen Genomics (Lincoln, NE, United States).  Genomic DNA was isolated and 
used for genotyping with the Axiom Chicken 600k Genotyping Array (10) (Thermo Fisher 
Scientific, Inc., Waltham, MA, United States).  Axiom Chicken Genotyping Array annotation 
files, release 35, were based on galGal genome version 5.0 (Thermo Fisher Scientific).  
Quality filtering requirements included: CR ≥ 95, MinorAlleleFrequency ≥ 0.01, FLD ≥ 4, 
HomRO ≥ -0.6, BB.varX ≤ 0.9, BB.varY ≤ 0.45, AB.varX ≤ 0.55, AB.varY ≤ 0.5, AA.varX 
≤ 0.6, HomFLD ≥ 9, HetSO ≥ -0.2, ConversionType ≠ "OTV".  Quality metrics are described 
in the Axiom Analysis Suite User Guide obtained from Thermo Fisher Scientific (11).  After 
filtering, 261,509 SNPs and 374 animals remained for analysis. 
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Data Analyses 
For all traits, differences between pre-heat measurement and all post-heat 
measurements were calculated, i.e. albumen weight pre heat – albumen weight acute heat, to 
determine the change in the phenotype due to heat across time.  These calculated change-
over-time phenotypes were included in heritability estimation and association analysis. 
Heritabilities and variance components were estimated using ASReml 4.0 (12) with a 
univariate animal model: 
 = ! + 3 +  +  
Y is the dependent variable of phenotype (phenotypes are listed in Table 4-1, Table 4-2, 
Table 4-3).  Fixed effect of cage row within room (FEi) was included if the effect on the 
phenotype was significant.  The effect of cage row within room was only significant for, and 
therefore only included for, body temperature.  Animal genetic effects (Aj) with a genomic 
relationship matrix computed from SNP genotypes, as described by (13), and residuals (eij) 
were the two random effects. 
Traits with heritability estimates different from zero were used for association 
analyses.  Heritability not differing from 0 indicates a lack of genetic control; therefore, 
association analysis would not be appropriate for these traits.  Association analyses were 
performed using a hierarchical generalized linear model (same effects as described for 
heritability estimation) (14) in GenABEL (15).  The association analysis method used in 
GenABEL, polygenic_hglm and mmscore, functions similarly to the FASTA method for 
related individuals described by (16). 
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A modified Bonferroni multiple test correction, previously described in (17), was 
used to determine the number of independent tests.  The number of independent tests was 
determined to be 16,085 and a 20% genomewide threshold was calculated to be 1.2 x 10-5. 
Results 
Heritability 
Seventeen phenotypes had heritability estimates greater than zero (determined by two 
times the standard error): feed intake (2 weeks post heat, 0.31), feed efficiency (2 weeks post 
heat, 0.23), body weight (pre heat, 0.35; 2 weeks post heat, 0.44; 3 weeks post heat, 0.31; 4 
weeks post heat, 0.37), albumen weight (acute heat, 0.39; 1 week post heat, 0.42; 2 weeks 
post heat, 0.23), Haugh units (pre heat, 0.26; 1 week post heat, 0.59; 2 weeks post heat, 0.24; 
4 weeks post heat,0.40), egg mass (pre-heat, 0.43; 2 weeks post heat, 0.30; 4 weeks post heat, 
0.24), and change in egg mass pre heat to 4 weeks post heat (Table 1, Table 2, Table 3).  
Change in egg mass from pre heat to 4 weeks post heat initiation was the only calculated 
change-over-time phenotype with measureable heritability (0.19 ± 0.09, data not shown for 
other calculated phenotypes).   
Table 4-1: Heritability (standard error) estimates of egg quality and body weight traits 
Trait Pre-heat Acute3 Week 1 Week 2 Week 3 Week 4 
Albumen Weight 0.15 (0.10) 0.39 (0.15) 0.42 (0.15) 0.23 (0.11) 0.19 (0.13) 0.05 (0.11) 
Haugh Units 0.26 (0.11) 0.15 (0.13) 0.59 (0.14) 0.24 (0.11) 0.07 (0.1) 0.40 (0.13) 
Shell Thickness NC1 0.28 (0.15) 0.14 (0.14) 0.05 (0.1) NC1 0.22 (0.16) 
Shell Weight 0.02 (0.1) 0.03 (0.12) 0.11 (0.15) 0.20 (0.11) 0.21 (0.13) 0.29 (0.15) 
Yolk Weight 0.09 (0.10) 0.08 (0.15) 0.16 (0.14) 0.06 (0.1) 0.09 (0.11) 0.11 (0.11) 
Body weight 0.35 (0.11) NA2 NA2 0.44 (0.10) 0.31 (0.10) 0.37 (0.11) 
1 Does not converge.  
2 Trait not measured at this time point. 
3 Eggs collected the morning after first heat cycle so they were being formed during the first heat cycle. 
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Table 4-2: Heritability (standard error) estimates of physiological traits 
Trait Pre-heat Acute3 Week 2 Week 4 
AMEn1 0.10 (0.10) 0.17 (0.10) 0.19 (0.13) 0.24 (0.13) 
Body Temperature NC2 0.05 (0.09) NC2 0.13 (0.1) 
1Apparent metabolizable energy.  
2Does not converge. 
3First day of heat exposure. 
Table 4-3: Heritability (standard error) estimates of production traits 
Trait 2 weeks pre-heat3 Weeks 1-2 Weeks 3-4 
Egg Production 0.06 (0.1) 0.03 (0.09) NC2 
Egg Mass 0.43 (0.11) 0.30 (0.10) 0.24 (0.10) 
Egg Weight 0.05 (0.09) 0.16 (0.1) 0.23 (0.12) 
Feed Intake 0.18 (0.11) 0.31 (0.11) 0.17 (0.1) 
Feed Efficiency1 NC2 0.23 (0.11) 0.13 (0.1) 
1 gram feed/gram egg.  
2 Does not converge.  
3 Phenotypes are an average over 2-week periods. 
 
QTL Associations 
QTL were identified for 10 of the 17 phenotypes with measureable heritability 
(shown in Figures 1 – 4).  QTL reaching the 20% genomewide threshold, nearby genes 
(within 1Mb of SNP), and previous relevant QTL associations are reported in Table 4-4. 
Table 4-4: QTL associations with traits, positional candidate genes, and previously reported 
QTL 
 
Trait Position1 Positional candidate genes and location2 Previous relevant QTL associations 
Body weight 
2 weeks heat 
18:9 ENSGALG00000037717; intron 
SSTR2; upstream; 111519 
SOX9; downstream; 82531 
none 
Body weight 
3 weeks heat 
18:4 TNRC6C; intron 
SEPT9; downstream; 213717 
RAP2B; downstream; 20951 
RJF x WL growth rate (31) 
WL x broiler (40) 
Body weight 
4 weeks heat 
18:4 TNRC6C; intron 
SEPT9; downstream; 213717 
RAP2B; downstream; 20951 
RJF x WL growth rate (31) 
WL x broiler (40) 
3:57 TAAR5; downstream; 744 
STX7; upstream; 7030 
VNN1; downstream; 28285 
broiler x WL, body weight at first egg 
(30) 
RJF x WL growth rate (31) 
Albumen 
weight 
1 weeks heat 
23:5.0 ENSGALG00000030529; downstream; 48758 
ADGRB2; upstream; 2095 
gga-mir-30c-1; downstream; 70983 
gga-mir-1780; downstream; 68966 
Triglyceride level in broiler x layer cross 
(41) 
Haugh units 
pre heat 
5:16.0 HRAS; intron 
HRAS; upstream; 5364 
IRF7; downstream; 184251 
none 
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Table 4-4 (cont.) 
 
 
Trait Position1 Positional candidate genes and location2 Previous relevant QTL associations 
Haugh units 
1 week heat 
2:84 GALNT1; intron; 0 
gga-mir-32; downstream; 366590 
INO80C; downstream; 135338 
gga- mir-187; downstream; 158132 
INO80C; upstream; 41286 
PTPN3; intron 
BAG1; downstream; 922567 
FRRS1L; upstream; 23398 
ENSGALG00000029491; upstream; 22337 
ENSGALG00000033537; intron 
ENSGALG00000029491; downstream; 31584 
ENSGALG00000029935; downstream; 28455 
ENSGALG00000041363; downstream; 128584 
ENSGALG00000033839; downstream; 102539 
Albumen height in non-challenged brown 
layers (26) 
Albumen height in non-challenged meat 
x egg cross at 34 weeks (37) 
Eggshell thickness (36) 
Haugh units 
2 weeks heat 
2:84 INO80C; downstream; 218807 
GALNT1; upstream; 292598 
gga-mir-32; downstream; 74548 
GALNT1; intron 
gga-mir-32; upstream; 314649 
gga-mir-187; downstream; 158132 
INO80C; upstream; 41286 
TMEM245; downstream; 5518 
MOCOS; intron 
BAG1; downstream; 798661 
PTPN3; intron  
ENSGALG00000041363; downstream; 45115 
ENSGALG00000033839; downstream; 102539 
ENSGALG00000033537; intron 
Albumen height in non-challenged brown 
layers (26) 
Albumen height in non-challenged meat 
x egg cross at 34 weeks (37) 
Haugh Units 
4 weeks heat 
5:16 EFCAB4B; upstream; 15818 
CD151; upstream; 45204 
PNPLA2; downstream; 4789 
EFCAB4B; downstream; 1677 
H-RAS; intron 
H-RAS; upstream; 22102 
IRF7; downstream; 167513 
CD151; intron 
RNH1; upstream; 15030 
ENSGALG00000039221; upstream; 36627 
ENSGALG00000041955; intron 
ENSGALG00000038239; upstream; 113 
ENSGALG00000006862; upstream; 5049 
none 
Egg mass 
2 weeks heat 
33:0.1 SCN8A; upstream; 8156 
ENSGALG00000030776; upstream; 5745 
gga-mir-1668; downstream; 87357 
none 
Change in 
Egg mass pre 
heat to week 4 
2:16 ARHGAP21; intron; 0 
GPR158; downstream; 38368 
MYO3A; upstream; 61425 
APBB1IP; upstream; 254361 
GPR158; intron 
GPR158; synon 
none 
1 Chromosome:Mb 
2 Location of SNP relative to neighboring genes (base pairs) 
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Discussion 
Heritability 
Our moderate estimates of body weight h2 (0.31-0.44) pre and post heat exposure are 
in agreement with many other reports of body weight (18–20) (Seventeen phenotypes had 
heritability estimates greater than zero (determined by two times the standard error): feed 
intake (2 weeks post heat, 0.31), feed efficiency (2 weeks post heat, 0.23), body weight (pre 
heat, 0.35; 2 weeks post heat, 0.44; 3 weeks post heat, 0.31; 4 weeks post heat, 0.37), 
albumen weight (acute heat, 0.39; 1 week post heat, 0.42; 2 weeks post heat, 0.23), Haugh 
units (pre heat, 0.26; 1 week post heat, 0.59; 2 weeks post heat, 0.24; 4 weeks post heat,0.40), 
egg mass (pre-heat, 0.43; 2 weeks post heat, 0.30; 4 weeks post heat, 0.24), and change in 
egg mass pre heat to 4 weeks post heat (Table 1, Table 2, Table 3).  Change in egg mass from 
pre heat to 4 weeks post heat initiation was the only calculated change-over-time phenotype 
with measureable heritability (0.19 ± 0.09, data not shown for other calculated phenotypes).   
Table 4-1:).  Body weight is generally accepted as a moderately heritable trait.  Our 
estimates were not greatly impacted by the heat exposure.  Van Goor, et al. estimated body 
weight h2 after 1 week of heat challenge in a broiler by Fayoumi cross to be 0.34 (21). 
To our knowledge this is the first report of h2 of albumen weight, Haugh units, and 
egg mass under heat challenge.  Our estimates for albumen weight were moderate (0.23-0.39) 
(Table 4-1).  Others have reported moderate h2 (0.12-0.59) of albumen weight under normal 
conditions in various populations (22–25).  Wolc, et al. estimated heritability of Haugh units, 
using genotypes, to be 0.34 in a non-heat-challenged population of brown layers at 26-28 
weeks of age (26), which is similar to the age of the birds in the current study (22-28 weeks).  
Our estimate of pre-heat Haugh unit h2 (0.26) is lower than that of Wolc, et al (Table 4-1), 
which may be due to the difference in populations or number of observations.  Others have 
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reported estimates of 0.21-0.41 (22,24,25).  Egg mass h2 estimates were moderate (0.24-0.43) 
and numerically decreased with heat exposure (Table 4-3). 
Quantitative trait loci 
Body weight 
In total 3 QTL were identified for body weight at 3 different time points, 2 on 
chromosome 18 and one on chromosome 3 (Table 4-4 and Figure 4-1).  One QTL on 
chromosome 18 was identified for body weight 2 weeks post heat initiation.  The nearby 
gene SSTR2 controls growth hormone secretion (27).  Body weight 3 and 4 weeks post heat 
share a QTL on chromosome 18 that is different than the QTL on the same chromosome 
identified for body weight 2 weeks post heat.  SEPT9, nearby, has been demonstrated to 
negatively regulated EGFR, which ultimately decreases growth (28).  A down regulation of 
growth under this hyperthermic challenge may serve to free resources for more essential, life-
sustaining functions or for the reproductive traits for which layer lines are intensely selected.  
Recovering from and preventing DNA damage is an example of a crucial function under 
hyperthermic conditions.  RAP2B protects cells from DNA damage in a p53-dependent 
manner (29).  The third body weight QTL, on chromosome 3, has been associated with body 
weight in two other independent populations (30,31).  A nearby gene, VNN1, functions in 
lipid metabolism (32). 
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Figure 4-1: Manhattan plot for body weight 2 weeks (A), 3 weeks (B), and 4 weeks (C) post 
heat initiation.  The purple line indicates 20% genome-wide threshold. 
 
Albumen Weight 
One QTL on chromosome 23 was identified for albumen weight at one time point, 1 
week post heat initiation (Table 4-4 and Figure 4-2).  Two genes were nearby, ADGRB2 and 
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gga-mir-30c-1.  Neither gene has been previously implicated in heat response or egg 
formation and, thus, we present a novel association.  Interestingly, gga-mir-30c-1 has been 
isolated from albumen and yolk (33).   In addition to being an important protein source for 
humans, the egg is the reproductive unit for the chicken.  Micro RNAs play an important role 
in gene regulation and their existence inside the egg suggests a role in embryonic 
development. 
 
Figure 4-2: Manhattan plot for albumen weight 1 week post heat initiation.  The purple line 
indicates 20% genome-wide threshold. 
Haugh Units 
Two QTL were identified for Haugh units at 4 time points (Table 4-4 and Figure 4-3).  
One QTL on chromosome 5 was shared for Haugh units pre heat exposure and at 4 weeks 
post heat initiation.  The shared QTL suggests shared genomic control of Haugh units pre 
heat and after long term heat exposure, meaning genetic selection for Haugh units under 
normal conditions will also impact Haugh units under a long-term heat exposure.  Some 
genes with plausible impacts on Haugh units were nearby.  PNPLA2 is upregulated in 
response to heat (34) and plays a role in hepatic yolk lipoprotein synthesis (35).  EFCAB4A is 
involved in calcium ion binding which is crucial for eggshell formation.  Haugh units have 
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been reported to share some level of genetic control with eggshell characteristics (genetic 
correlations 0.13-0.36) (22). 
The second QTL, on chromosome 2, was shared for Haugh units 1 week post heat 
and 2 weeks post heat.  Again, the shared QTL indicates shared genomic control of Haugh 
units between the two times.  A previous study found this location to be associated with 
eggshell thickness (36).  Two studies found this location to be associated with albumen 
height in independent populations of non-heat-challenged hens (26,37).  Some nearby genes 
have been previously implicated in heat response.  INO80C functions in DNA repair, which 
is essential in response to thermal challenge.  BAG1 and MOCOS are known to be 
downregulated by heat stress (38). 
 
Figure 4-3: Manhattan plots for Haugh units pre heat (A), 1 week post heat (B), 2 weeks post 
heat (C), and 4 weeks post heat (D).  The purple line indicates 20% genome-wide threshold. 
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Egg Mass 
Two QTL were identified for egg mass phenotypes (Table 4-4 and Figure 4-4).  A 
QTL on chromosome 33 was identified for average egg mass during the first 2 weeks of heat 
exposure.  A QTL on chromosome 2 was identified for change in average egg mass pre heat 
to average egg mass 4 weeks post heat.  A gene within this QTL, ARHGAP21, has been 
implicated in egg number of geese (39). 
 
Figure 4-4: Manhattan plots for egg mass 2 weeks post heat initiation (A) and change from 
pre-heat to 4 weeks post heat (B).  The purple line indicates 20% genome-wide threshold. 
Conclusions 
In this study quantifying phenotypic changes in response to acute and chronic heat 
exposure in commercial egg laying hens, all phenotypes were significantly impacted by the 
high temperature at one or more time points.  Seventeen phenotypes had measureable 
heritability, indicating the existence of genetic control and the potential for changing these 
traits through selective breeding.  QTL were identified for 10 of these 17 traits.  Some traits 
shared QTL across time points, indicating shared genomic control.  This study contributes to 
the knowledge of genomic control of response to heat stress in laying hens. 
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CHAPTER 5.    BLOOD GAS AND CHEMISTRY COMPONENTS ARE 
MODERATELY HERTABLE IN COMMERCIAL WHITE EGG-LAYING HENS 
UNDER ACUTE AND CHRONIC HEAT EXPOSURE 
Kaylee Rowland 1, Chris M. Ashwell 2, Michael E. Persia 3, Max F. Rothschild 1, Carl 
Schmidt 4, Susan J. Lamont 1 
Manuscript in preparation to be submitted to Poultry Science 
Abstract 
Heat stress has a large negative impact on poultry around the world in both intensive 
and small-scale production systems.  Better understanding of physiological changes and 
identification of genetic factors contributing to response to high ambient temperatures would 
provide a basis to develop strategies for alleviating negative impacts of heat on poultry 
production.  The objectives of this work were to characterize the blood chemistry changes in 
response to acute and chronic high ambient temperature in a commercial egg laying line and 
to investigate genetic control of these parameters.  Hy-Line W-36 female parent line mature 
hens were exposed to four weeks of daily cyclic heat exposure.  Blood was collected pre-
heat, on the first day of heat, and two and four weeks post heat initiation and analyzed 
immediately using an i-STAT® hand-held blood analyzer.  Thirteen blood components were 
quantified at the 4 time points: pH, pCO2, pO2, HCO3, TCO2, sO2, iCa, Na, K, base excess, 
glucose, “hematocrit” (estimated from blood electrical conductivity, BEC), and 
“hemoglobin” (calculated from BEC).  Effect of heat treatment was analyzed for all traits 
with an ANOVA fitting time.  Tukey’s test was used to determine differences between time 
points.  Heritabilities were estimated using genomic relationship information obtained from 
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600k SNP chip data. All 13 parameters exhibited a significant change after 5 hours of heat 
exposure and most did not return to pre-heat levels throughout the duration of the study.  
Eight parameters (base excess, glucose, hemoglobin, HCO3, hematocrit, K, pCO2, TCO2) had 
heritability estimates differing from zero at one or more time point (0.21-0.45).  The traits 
with significant heritability would be good candidates for use as biomarkers in a selection 
program if they are correlated with traits of economic importance that are more difficult to 
measure.  QTL were identified for nine of the traits at one or more time point.  These nine 
traits, however, did not have significant heritability estimates suggesting that while QTL 
have been identified their effects are generally small. 
Introduction 
Heat stress has a large negative impact on poultry around the world in both intensive 
and small-scale production systems (Lara and Rostagno, 2013; Nyoni et al., 2018).  It is well 
documented that heat stress results in decreased egg production (Daniel and Balnave, 1981; 
Deng et al., 2012), decreased egg quality (Bollengier-Lee et al., 1999; Franco-Jimenez et al., 
2007), and eventual mortality (Wolc et al., 2018) in laying hens.  A better understanding of 
physiological changes and identification of genetic factors contributing to response to high 
ambient temperatures would provide a basis for alleviating the negative impact of heat on 
poultry production by management or genetic selection strategies. 
Hand-held blood analyzers, initially developed for human bedside diagnostics, 
provide a quick and convenient method for measuring multiple blood gas and chemistry 
components.  This is an emerging technology for quantifying health and welfare status of 
poultry because of its accuracy, speed, and ease of use.  Previously the i-STAT® device 
(Abbott Labs) has been used in other animal species (Tinkey et al., 2006; Harter et al., 2014; 
Rettenmund et al., 2014; Yildirim et al., 2015) and to establish reference ranges for broiler 
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breeders and laying hens (Steinmetz et al., 2007; Martin et al., 2010; Schaal et al., 2015).  
Van Goor et al. was the first report using the i-STAT® blood analyzer to evaluate chickens 
under high ambient temperature (Van Goor et al., 2016). 
The objectives of the current work were to characterize the blood chemistry changes 
in response to acute and chronic high ambient temperature in mature hens of a commercial 
egg laying line using a hand-held device and to investigate genetic control of these 
parameters.  Blood components measured rapidly with a pen-side device would be ideal 
phenotypes to use as biomarkers for genetic improvement.  This is the first report of pen-side 
blood component genetic analysis in a commercial egg laying line under heat stress. 
Materials and Methods 
Animals, Husbandry, and Heat Treatment 
Hy-Line W-36 female parent line chicks were reared at Hy-Line International (Dallas 
Center, IA).  At 18 weeks of age, 400 pullets were transferred to Virginia Tech (Blacksburg, 
VA) and placed in individual cages for a 6-week acclimation period.  Heat treatment began at 
24 weeks of age, lasting 4 weeks and continued until 28 weeks of age. The daily cyclic heat 
cycle, beginning at 9:00 a.m., was 7 hours at 35°C and then 30°C for the remaining 17 hours.  
All experimental procedures were approved by the Institutional Animal Care and Use 
Committee at Virginia Tech (log # 14-093). 
Phenotypes 
Blood was collected at four time points.  Collection occurred one day prior to heat 
initiation, during the first day of heat exposure (hereafter referred to as the 5-hour time 
point), and two and four weeks post heat initiation.  Blood was collected 4-6 hours post heat 
initiation on the 3 latter days and analyzed immediately using an i-STAT® hand-held blood 
analyzer (Abbott Laboratories, San Diego, CA).  Thirteen blood components were quantified 
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using the CG8+ cartridge: pH, pCO2, pO2, HCO3, TCO2, sO2, iCa, Na, K, BE, glucose, 
“hematocrit”, and “hemoglobin”.  The i-STAT® analyzer and cartridges are designed and 
optimized for use in human medicine.  Because of this, there are some relevant concerns for 
the direct application of this technology to avian biology, as discussed in the Results and 
Discussion section. 
Other phenotypes including egg production, egg weight, Haugh units, yolk weight, 
shell quality, feed intake, digestibility, and six more were also recorded pre and post heat 
exposure.  These traits are discussed in a companion manuscript to be submitted to Genomics 
Selection and Evolution. 
Genotyping and Quality Control 
Genomic DNA was isolated by GeneSeek, Neogen Genomics (Lincoln, NE, United 
States) from whole blood collected at 17 weeks of age. Genotyping was done using the 
Axiom Chicken 600k Genotyping Array (Kranis et al., 2013) and genotyping array 
annotation files were based on galGal genome version 5.0 (Thermo Fisher Scientific).  
Quality filtering requirements included: CR ≥ 95, MinorAlleleFrequency ≥ 0.01, FLD ≥ 4, 
HomRO ≥ -0.6, BB.varX ≤ 0.9, BB.varY ≤ 0.45, AB.varX ≤ 0.55, AB.varY ≤ 0.5, AA.varX 
≤ 0.6, HomFLD ≥ 9, HetSO ≥ -0.2, ConversionType ≠ "OTV".  Quality metrics are 
described in the Axiom Analysis Suite User Guide obtained from Thermo Fisher Scientific 
(Applied Biosystems, 2017).  After filtering, 261,509 SNPs and 374 animals remained for 
analysis. 
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Data Analysis 
Heritabilities and variance components were estimated using ASReml 4.0 (Gilmour et 
al., 2015) with a univariate animal model: 
 = ! + 3 +  +  
Y is the dependent variable of phenotype.  Fixed effect was cage row within room (FEi).  
Animal genetic effects (Aj) with a genomic relationship matrix computed from SNP 
genotypes, as described by (VanRaden, 2008), and residuals (eij) were the two random 
effects. 
QTL identification was performed using a hierarchical generalized linear model 
(Rönnegård et al., 2010), with the same effects described for heritability estimation, in R – 
GenABEL (Aulchenko, 2015).  The association analysis method used in GenABEL, 
polygenic_hglm and mmscore, functions similarly to the FASTA method for related 
individuals described by (Chen and Abecasis, 2007).  A modified Bonferroni multiple test 
correction was used to determine the number of independent tests, as previously described 
(Rowland et al., 2018).  The number of independent tests was determined to be 16,085 and a 
20% genomewide threshold was calculated to be 1.2x10-5. 
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Results and Discussion 
Use of i-STAT® technology in chickens 
The data generated by i-STAT® technology has not generally been validated against 
“gold standard” techniques for measuring blood chemistry and other components in chickens.  
Of special concern about using the i-STAT® for measuring blood chemistry components in 
chickens are the values reported for “hematocrit” and “hemoglobin”.  Because the structure 
of chicken erythrocytes (elongated and nucleated) differs greatly from that of most 
mammalian cells, the blood electrical conductance assay and the algorithms used by the        
i-STAT® to generate “hematocrit” and “hemoglobin” values from chicken blood samples 
may not be equivalent to the standard packed-cell volume method of measuring hematocrit. 
However, even though the i-STAT®-generated numbers for “hematocrit” and “hemoglobin” 
do not represent the same biologically relevant measurements as reported from standard 
assays, they do represent heritable measurements as shown in Table 5-1 and therefore are of 
potential value in a selection program. 
Heritability 
Eight of the blood parameters had heritability estimates differing from zero (defined 
as an estimate greater than two times the standard error) at one or more time point (0.21-0.45, 
Table 5-1).  The traits with significant heritability would be good candidates for use as 
indicator traits in a selection program if they are correlated with traits of economic 
importance that may be more difficult to measure.  It is not surprising that all significant h2 
estimates in this study are moderate to high.  The small number of animals (374) leads to 
large standard errors, making it difficult to estimate significant low heritabilities. 
112 
Table 5-1: Heritability estimates and standard errors for 13 blood gas and chemistry 
components across 4 time points. Bold indicates estimates different from 0. 
Trait pre 5 hours 2 weeks 4 weeks 
Base Excess 0.01 (0.09) 0.21 (0.10) 0.17 (0.11) 0.26 (0.12) 
Glucose 0.08 (0.11) NC 1 0.37 (0.12) 0.10 (0.10) 
Hemoglobin 0.44 (0.11) 0.04 (0.09) 0.22 (0.11) 0.31 (0.11) 
Bicarbonate 0.01 (0.09) 0.19 (0.10) 0.29 (0.12) 0.42 (0.12) 
Hematocrit 0.45 (0.11) 0.05 (0.09) 0.20 (0.11) 0.32 (0.11) 
Ionized calcium 0.01 (0.09) NC 0.13 (0.11) 0.05 (0.10) 
Potassium 0.04 (0.10) 0.07 (0.10) 0.06 (0.09) 0.29 (0.12) 
Sodium NC NC 0.12 (0.11) 0.003 (0.08) 
Partial pressure of CO2 0.03 (0.09) 0.19 (0.11) NC 0.26 (0.11) 
pH 0.05 (0.09) 0.09 (0.10) 0.001 (0.08) 0.12 (0.11) 
Partial pressure of O2 0.02 (0.08) NC NC 0.01 (0.09) 
Oxygen saturation 0.05 (0.09) 0.05 (0.10) NC 0.02 (0.09) 
Total carbon dioxide NC 0.13 (0.10) 0.34 (0.12) 0.33 (0.12) 
1 Does not converge 
 
In the first and only other report of h2 for traits measured using an i-STAT® device, 
Van Goor, et al. measured blood parameters in a heat stressed research chicken line (Van 
Goor et al., 2016).  From pre and post heat exposure measurements, only one parameter, 
HCO3 post heat, was found to have non-zero heritability in both studies.  The estimates were 
similar between the two studies, 0.23 reported by Van Goor, et al. and 0.29 reported here.  
Closter et al. reported h2 for HCO3 to be 0.19 in cold-stressed broilers (Closter et al., 2009).  
All three studies report moderate h2 for HCO3 in different lines and under different 
environmental conditions. Closter et al. used the GEM Premier 3000 system to quantify pH, 
pvCO2, pvO2, HCO3, TCO2, and sO2 in cold stressed broilers at 22 days of age.  The GEM 
Premier is a comparable technology to the i-STAT® system.  Closter, et al. additionally 
estimated significant h2 for pCO2 and TCO2.  Our estimate of pCO2 after 4 weeks of heat 
exposure was 0.26, higher than that of Closter, et al. in cold stressed broilers (0.15).  Our h2 
estimates of TCO2 (0.34 after 2 weeks of heat and 0.33 after 4 weeks of heat) were also 
higher than that of Closter et al. (0.19). 
113 
QTL Associations 
QTL were identified for nine of the blood components at one or more time point 
(Table 5-2, Figure 5-1), although it is important to add a word of caution – these nine traits 
did not have significant heritability estimates.  Heritability not differing from 0 indicates a 
lack of detectable genetic control due to insufficient statistical power or a lack of genetic 
variation overall in the trait.  Therefore, identification of QTL for a trait without significant 
h2 suggests that the effects are very small.  Many association studies are reported without 
presenting the estimated heritability of analyzed traits, so interpretation of the reported QTL 
should be guarded.  Heritability estimation is an important first step for genetic/genomic 
studies.  Determining the existence of a genetic component to phenotypic variability 
indicates that genes are involved in the phenotypic expression and therefore can be 
interrogated by, for example, association analyses.  Reports of QTL in studies that do not 
present evidence of significant h2 should be viewed with caution, as effect size is small.  
Table 5-2: Details of significant QTL: position, p-value of association, and number of SNPs 
in the QTL. 
Trait Time Position (Chr:Mb) P-value Number of SNPs 
TCO2  pre heat 1:129 1.19 x10-5 4 
 5 hours 1:116 7.73 x10-7 8 
PO2 5 hours 15:7.5 1.10 x10-5 2 
pH 2 weeks 9:3.6 6.91 x10-6 1 
 5 hours 1:0.2 1.02 x10-5 2 
PCO2 2 weeks 17:8 7.62 x10-6 1 
iCa 5 hours 9:19 9.79 x10-6 3 
HCO3 5 hours 1:116 6.71 x10-7 12 
Glu 5 hours 5:49 9.25 x10-6 1 
BE 2 weeks 1:193 4.53 x10-6 5 
  4:63 6.73 x10-6 1 
K 5 hours 9:19 1.14 x10-6 71 
  2:137 9.60 x10-6 1 
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Figure 5-1: Manhattan plots for traits with significant QTL.  The purple line indicates a 20% 
genomewide threshold of 1.2x10-5.  The y-axis represents the -log10(p-value) of SNP 
association. 
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In summary, all 13 parameters exhibited a significant change due to high ambient 
temperature exposure at one or more time point.  Eight of the blood parameters (base excess, 
glucose, hemoglobin, HCO3, hematocrit, K, pCO2, TCO2) had heritability estimates differing 
from zero at one or more time point (0.21-0.45).  The traits with significant heritability would 
be good candidates for use as indicator traits in a selection program if they are correlated 
with traits of economic importance that may be more difficult to measure.  QTL were 
identified for nine of the traits at one or more time point, however, these nine traits did not 
have significant heritability estimates. 
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CHAPTER 6.    DISCUSSION 
Introduction 
Many studies, reviewed in chapter 1, have investigated phenotypic responses to biotic 
and abiotic stressors in chickens.  However, there have been far fewer investigations into the 
genetic and genomic aspects of these responses.  Chapter 2 is the second report of GWAS of 
antibody response to NDV in chickens, the first to use the 600k SNP array, the first to utilize 
a commercial population, and the first GWAS of NDV viral load and growth under NDV 
infection.  Chapter 3 is the first reported genomic (candidate gene) investigation of the 
combined response to heat stress and NDV.  Chapter 4 is the first GWAS of egg production 
and quality phenotypes in response to heat exposure in a commercial egg-laying line.  
Chapter 5 is the first GWAS of an extensive blood component profile, 13 parameters, in a 
commercial egg-laying line exposed to high ambient temperature.  Furthermore, chapters 4 
and 5 describe responses under an extended heat exposure of 4 weeks, which is longer than 
most reported heat exposure studies. 
The objectives of this dissertation were to characterize responses of commercial egg-
laying lines of chickens to Newcastle disease virus and/or high ambient temperature, estimate 
heritabilities for the response phenotypes, and elucidate genes and/or genomic regions 
associated with various aspects of response.  These objectives were accomplished and 
detailed in chapters 2-5.  The results of this dissertation have direct implications for 
commercial egg-laying chickens.  This discussion will provide an overall summary of 
response to biotic and abiotic challenges, address some limitations of the research, highlight 
implications of the results, and provide some potential future directions. 
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General conclusions for stress response 
By synthesizing the results from chapters 2-5, we can draw several general 
conclusions regarding the response of chickens to stressors.  In all research chapters it is clear 
that chickens physiologically respond to stressors (NDV or heat).  All phenotypes measured 
significantly changed after exposure to the respective stressor.  It is also evident that 
variation exists between individuals in the magnitude of response.  For some of these 
responses (ie. anti-NDV antibody level, albumen weight, Haugh units, egg mass, blood 
glucose, etc.), we were able to determine that phenotypic variation among individuals was 
due, in part, to genetics.  For other phenotypes, results were suggestive and the inclusion of 
more birds in the studies likely would have resulted in significant heritability estimates.  No 
overlap in QTL locations was seen between any of the separate studies. 
In chapter 2, six suggestive QTL associated with response to NDV and/or growth 
were identified.  Some were novel and others confirmed previously reported associations 
with related traits.  Additionally, previous RNA-seq analyses (Deist et al., 2017b; a, 2018; 
Zhang et al., 2018) reported differentially expressed genes located in or near some of these 
QTL.  The synthesis of these different methods allow a more holistic view of NDV challenge 
response in chickens thus, highlighting the value of a comprehensive program like that of the 
USAID funded research program described in chapter 1.  Chapter 2 provided evidence that 
these NDV response traits (viral load post infection, anti-NDV antibody level, and growth 
during infection) can be influenced through selective breeding.  Chapter 3 reported 
significant effects for gene haplotype copy number or haplotype combination on NDV and 
heat stress response among seven genes (TLR7, MX, IFI27L2, SLC5A1, HSP70, IFRD1, 
IL1R1) and seven phenotypes (growth rate post-NDV, viral load 6 dpi, antibody 10 dpi, BE, 
HCO3, TCO2, pH).  These gene effects provide more knowledge of the genomic control of 
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NDV and heat stress response and provide potential SNP targets for marker-assisted 
selection.  From chapter 4, seventeen phenotypes had measureable heritability, indicating the 
existence of genetic control and the potential for changing these traits through selective 
breeding.  QTL were identified for 10 of these 17 traits.  Some traits shared QTL across time 
points, indicating shared genomic control.  This study contributes to the knowledge of 
genomic control of response to heat stress in laying hens.  All 13 blood chemistry parameters 
in chapter 5 exhibited a significant change due to heat exposure at one or more time points.  
Eight of the blood parameters had heritability estimates differing from zero at one or more 
time point (0.21-0.45).  Surprisingly, QTL were not identified for any of the traits having 
significant heritability estimates. 
Research limitations 
In every chapter there is a recurring theme – high standard errors accompanying 
heritability and genetic correlation estimates.  Likely, including more animals in the studies 
would have decreased the standard errors of these estimates and allowed more estimates to 
statistically differ from zero.  Particularly for genetic correlations (i.e. anti-NDV antibody 
level under thermoneutral vs. hyperthermic conditions) in chapter 3, the standard errors did 
not allow the estimates to differ from 0 or 1.  Therefore, no conclusion about genetic 
distinctiveness of the traits (viral load and antibody level) under two treatments could be 
made.  In chapter 5, the high standard errors of heritability estimates resulted in a small 
number of phenotypic measurements having significant heritability.  The traits corresponding 
to the 14 QTL that were identified in this chapter did not have significant heritability 
estimates.  Heritability not differing from 0 indicates a lack of genetic control, or lack of 
phenotypic variation; therefore, inferring the meaning of identified QTL for a trait without 
significant heritability is difficult.  Chapters 2 and 3 used similar numbers of animals 
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(N=476) to previous, comparable studies (i.e. 501 (Luo et al., 2013) and 485 (Molee et al., 
2016)). On the other hand, chapters 4 and 5 utilized less animals (N=374) in comparison to 
other similar studies (i.e. 458 (Van Goor et al., 2016) and 468 (Van Goor et al., 2015)).  
Including more animals in any of the studies (chapters 2-5) would be challenging however.  
The phenotypes measured in these studies (viral load, antibody, feed intake, blood chemistry, 
egg quality, etc.) were time consuming, labor intensive, and expensive to quantify, not to 
mention the constraints of placing more birds in a challenging environment (viral infection or 
high temperature). 
As mentioned in chapter 1, heat stress and Newcastle disease virus are considered the 
largest abiotic and biotic limitations, respectively, to poultry production in low-income 
countries (Alexander et al., 2012; Wong et al., 2017; Nyoni et al., 2018).  In low-income 
countries, the use of indigenous chickens is far more common than the use of commercial 
poultry (Guèye, 2000).  In all four research chapters, commercial egg-laying lines were used.  
It is widely accepted that results from genomic studies (i.e. GWAS) are dependent on the 
genetic background of the population.  Therefore, the genomic association results presented 
in chapters 2-4 must be validated in indigenous chickens in order to address the challenges in 
low-income countries.  It is intended that the results from these studies be paired with results 
from studies using lines of other, diverse, genetic backgrounds, including local ecotypes 
making the synthesized results from several studies applicable.   
No overlap in location of genomic association between chapter 2 (600k SNP GWAS) 
and chapter 3 (14 candidate genes/regions) was seen.  Quite possibly, more variation linked 
to causative variants was captured in the targeted candidate gene genotyping than was 
captured in the 600k data, likely due to the much closer distance between SNPs used for the 
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candidate gene analysis.  Also, many more tests were performed in the GWAS than the 
candidate gene analysis presented here. Therefore, multiple test correction was more 
stringent for the GWAS, creating the possibility that any potential shared effects (between 
GWAS and targeted genotyping) were considered non-significant in the GWAS results due 
to low power. 
It is not completely surprising that genomic associations in chapters 2 and 3 were 
novel compared to previous reports (Luo et al., 2013; Molee et al., 2016) due to the 
differences in study populations and low power.  However, another possible explanation 
exists for the lack of overlap with the Molee et al. study.  Molee et al. identified associations 
with antibody level and SNPs in the MHC class II gene.  The MHC region, including MHC 
class II, is not covered on the 600k SNP array used in chapter 2 so, in chapter 3, 90 SNPs 
within the MHC B region were specifically genotyped to interrogate association of this 
region with NDV response.  Our MHC SNP genotype data were analyzed as haplotypes.  The 
haplotype blocks were formed based on co-segregation of SNPs across the entire genotyped 
MHC region covering 38 genes.  Polymorphisms within the 38 gene MHC complex could 
have opposing effects on the NDV response phenotypes.  If the entire MHC region was 
considered as one haplotype block, or block of genetic variation, as was done in chapter 3, 
opposing effects of individual variants within a large haplotype block would cancel each 
other, resulting in no effect being identified.  It is possible that some genetic effects of the 
MHC region on NDV response phenotypes were masked. 
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Implications of findings 
In all research chapters, heritability estimates were reported for multiple phenotypes 
(i.e. anti-NDV antibody level, albumen weight, Haugh units, egg mass, blood glucose, etc.).  
The existence of significant heritability indicates that these traits can be influenced through 
selective breeding.  Estimates for some of these phenotypes were novel, including viral load 
of NDV after infection and many of the heat stress responses measured in a commercial layer 
line.  We report estimates of heritability which validate the potential to influence these traits 
through selective breeding.  
The findings from chapters 2 and 3 can be used to improve vaccination response to 
NDV in commercial laying hens.  Because we were able to measure variation in antibody 
production in both thermoneutral and hyperthermic environments, as well as estimate a 
significant heritability, Hy-Line Brown parent chickens could be selected based on their 
antibody production to NDV.  This strategy has the potential of creating a “vaccine-ready” 
animal – a chicken that would produce more antibodies after receiving a NDV vaccine and 
subsequently be more prepared to respond to a NDV challenge event. 
Significant heritability estimates reported in chapter 4, provide evidence that selective 
breeding for the production of quality eggs under high ambient temperatures could be 
successful.  The blood chemistry phenotypes described in chapter 5 are simple and quick to 
measure, can be measured repeatedly on the same animal, and have moderate heritability 
(chapter 5 and (Van Goor et al., 2016)), making these phenotypes good candidates for use in 
a selection program.  However, these phenotypes have little known significance in terms of 
economic impact.  These blood chemistry component traits become useful to a breeder if 
they are genetically correlated with traits of economic importance that may be more difficult 
to measure (i.e. the production, egg quality, and physiology traits described in chapter 4).  If 
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correlations are identified, blood chemistry traits can be used as indicator traits.  Correlations 
between traits described in chapter 4 and traits described in chapter 5 were estimated.  The 
correlation matrix is shown in Figure 6-1.  The strongest correlations are between blood 
components (as seen in chapter 5).  In general, correlations (positive and negative) appear 
between blood components measured at the same time point and correlation patterns between 
components were consistent across time points.  Ideally, we would have seen a strong 
correlation between a blood component measured pre heat exposure (relatively quick and 
easy to measure) and a trait such as feed efficiency or egg production after heat exposure 
(relatively difficult and time consuming to measure).  
The genomic association results for response to NDV and heat stress from chapters 2-
4 are directly applicable to the commercial poultry industry that makes use of these lines.  
However, as mentioned in “Research Limitations” the genomic association results from these 
studies have limited direct application in low-income countries. The 2018 outbreak of 
velogenic NDV in California, USA, is clear evidence that NDV continues to be a threat in 
developed countries even though vaccination and biosecurity are used stringently in 
commercial production (USDA-APHIS, 2018).  In 2012, the state of Iowa experienced 
several severe heat waves over a 2-month period that resulted in significant losses in 
production and mortality of laying flocks (Wolc et al., 2018). The effects of climate change 
are seen worldwide.  The genomic associations identified in chapters 2-4 could potentially be 
used in marker-assisted selection to improve the response of laying hens to biotic and abiotic 
challenges, after further study. 
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Figure 6-1: Phenotypic correlations of blood components from chapter 5 with production, 
egg quality, and physiological parameters from chapter 4.  The redundant right side of the 
triangle was removed to allow zooming and larger text. 
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Future directions 
In chapter 3, responses to NDV were measured in hyperthermic and thermoneutral 
environments.  Viral load after infection was significantly lower in the heated environment 
(P<0.001) while antibody levels after infection were slightly higher in the heated 
environment (P=0.013) but were not affected to the same extent as viral load.  The NDV 
inoculations in the two environments were presumably the same.  However, the length and 
magnitude of infection between the two environments were different, as indicated by viral 
load measurements at 2 and 6 dpi.  The fact that antibody levels were minimally impacted by 
the added stress of heat even though the infection course was greatly impacted implies that 
the level of antibody production was more depended more on early signaling during this 
infection than length and magnitude of infection.  It would be interesting to investigate this 
hypothesis. 
As mentioned in “Research Limitations”, the assignment of large haplotype blocks 
within the MHC region may have limited the detection of genetic effects on NDV response 
in chapter 3.  Dividing the 90 SNP haplotype blocks into smaller sections, perhaps on a per 
gene basis, would allow for separation of opposing effects.  Decreasing the size of the 
haplotype blocks for the MHC region may be a useful strategy to allow for more significant 
associations to be identified.   
More work must be done to verify the application of using selective breeding in 
commercial laying hens to improve vaccination response to NDV and performance in high 
ambient temperatures.  This dissertation provides evidence of heritable traits in crossbred 
commercial chickens.  The parental lines of these chickens are selected for economically 
important traits to produce the commercial crossbred chickens used in production.  
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Heritability estimates need to be confirmed, with sufficient numbers of animals, in the 
parental lines where selection occurs. 
There are several ongoing companion studies to chapters 2-5 being conducted by 
collaborators worldwide (i.e. GWAS for NDV response traits in Tanzania and Ghana chicken 
ecotypes (Walugembe, in prep), GWAS of commercial Hy-Line brown under simultaneous 
heat stress and NDV challenges (Saelao, under review), RNA-seq of various tissues in 
resistant and susceptible research lines after NDV challenge (Deist et al., 2017b; a, 2018; 
Zhang et al., 2018), mortality due to velogenic NDV (Deist, 2018), and correlation of 
mortality with viral load and antibody level in indigenous birds).  The results of these studies 
will need to be synthesized with the results of ongoing studies in order to gain a holistic view 
of response to NDV, heat exposure, and ultimately both.  To apply the findings of this 
dissertation to selective breeding, the relationship of these phenotypes with mortality must be 
better understood because the ultimate goal is to reduce poultry mortality and increase food 
security. 
This dissertation has contributed to the knowledge of how chickens respond to biotic 
and abiotic challenges, as well as the genetic and genomic aspects of these responses.  The 
results of these studies will inform breeding decisions for the production of chickens that 
perform better in challenging environments and ultimately provide more protein for human 
consumption.  
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